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ABSTRACT
Three LC-MS Plant Metabolomics Studies of Hop (Humulus) Species:
Wild H. neomexicanus, Drought Stress, and Agricultural Terroir
by
Taylan Barış Morçöl
Advisor: Edward J. Kennelly
The hop plant (Humulus L., Cannabaceae) is a dioecious, perennial, twining vine with a long history of
human use. Nowadays, hop plants are generally grown for their inflorescences (“cones”), which are used
in brewing for their phytochemical metabolites. Many of these metabolites are involved in plant stress
response  and  communication.  Genetics  and  environment  are  two  major  factors  that  affect  plant
metabolism. In three separate metabolomics studies, this project examined the effects of both genetic and
environmental factors on hop phytochemistry. 
In the first study, 23 hop genotypes were grown in two different locations in the Pacific Northwest region
of the United States. Each location has a distinct set of environmental  conditions or terroir.  Ultrahigh-
performance liquid chromatography–tandem mass spectrometry (UPLC-MS/MS) was used to measure
the relative amounts of four glycosylated aroma compounds in hop cones previously processed to remove
resins and oils. Analysis of variance (ANOVA) showed that the large majority of the variability in levels of
linalool, raspberry ketone, and 2-phenylethanol glucosides was attributable to  genotype differences. In
contrast,  difference in growing location had the  largest effect on  levels  of the glycosylated green leaf
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volatile, hexyl glucoside, although the effect of genetics was still  substantial.  While the impact of hop
aroma glycosides on beer aroma is considered small relative to that of hop essential oils, the influences of
genotype and environment on hop aroma glycoside content  may still  have some effect on beer aroma
development as it ages.
In the second study, three levels of water stress were replicated across four hop genotypes in a controlled
greenhouse experiment. Untargeted UPLC-QTof-MSE was used to profile a wide range of metabolites in
the leaves.  Extensive filtering reduced the number of  chemical  features from 2387 to  278.  Principal
component analysis (PCA) of the filtered features showed that the drought treatments had a noticeable
effect on the overall  chemical  composition of most genotypes. Still,  each genotype appeared distinct,
suggesting  that  genotype (rather  than  drought  stress)  had  the  larger  effect  on  hop  leaf  chemical
composition. Also, the study found 14 phytochemical markers that consistently increased or decreased in
response  to  water  stress.  Ten  of  these  markers  were  tentatively  identified:  five monoacylated
glycerolipids, two norisoprenoids (abscisic acid [ABA] and roseoside), pheophorbide A, glutaric acid, and
dihydromyricetin.  All  but  dihydromyricetin  were  more  abundant  in  drought  stressed  leaves.  The
glycerolipids, norisoprenoids, and pheophorbide A all have known or likely stress signaling roles, and their
accumulation likely indicates respective breakdowns of membrane lipids, carotenoids, and chlorophyll.
Many of these compounds are likely drought stress markers in higher plants in general, while some may
be more narrow or depend on the type of drought treatment.
In the third study, UPLC-MS was used to compare differences in leaf phytochemical composition and
glandular trichome density between two groups of greenhouse-grown hop plants representing two distinct
genetic  lineages:  commercial  hop  cultivars  of  pure  European  or  mixed  European–North  American
heritage;  and wild hops from the American Southwest (H. neomexicanus).  In an untargeted principal
component analysis, the phytochemical compositions of the two groups appeared distinct. Bitter acid and
prenylflavonoid  levels  were  higher  in  the  H.  neomexicanus group;  so  was  the  density  of  glandular
trichomes, where bitter acids and prenylflavonoids are biosynthesized. The H. neomexicanus group also
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had higher flavonol glycoside levels. However, all six phenolic acids measured were higher in the cultivar
group, although only one of these differences was statistically significant. Due to the higher levels of bitter
acids, prenylflavonoids,  and flavonol glycosides in their  leaves,  the  H. neomexicanus genotypes may
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EPIGRAPH
“Plants are all chemists, tirelessly assembling the molecules of the world, and in their transactions with
insects, birds, animals, and fungi, they find elaborate ways to defend themselves, to seduce pollinators, to
confuse.”
–Gary Snyder, in the Foreword to Pharmako/poeia by Dale Pendell, Mercury House, 1995
“Consider: Each of the estimated 275,000 different species of plants on Earth contains several hundred to
several  thousand  unique  chemicals.  The  majority  of  these  species  manifest  as  millions  of  different
individuals, all of them generating different variations, sometimes significantly, on their species’ chemical
theme. A plant with one thousand different chemical constituents can literally combine them in millions of
different ways.”
–Stephen Harrod Buhner, The Lost Language of Plants: The Ecological Importance of Plant Medicines to
Life on Earth, Chelsea Green Publishing Company, 2002
xxv
CHAPTER ONE: INTRODUCTION
The plant genus Humulus L. contains a few species, most notably H. lupulus L., that are used by humans.
In accordance with a recent taxonomic revision proposed by Tembrock et al., the common name “hop” is
being used throughout this dissertation to refer to not only to H. lupulus, which is native to Europe and
Western Asia, but also to the native North American species: H. neomexicanus (A. Nelson & Cockerell)
Rydb.;  H. lupuloides (E. Small) Tembrock, comb. & stat. nov.; and  H. pubescens (E. Small) Tembrock,
comb. & stat. nov.1,2 All hop species are perennial, dioecious, wind-pollinated, twining vines in the family
Cannabaceae and are native to the temperate Northern Hemisphere.2 Other genera in this family include
Cannabis L. (hemp, marijuana) and Celtis L. (hackberry).3
Hop has many documented human uses dating back at least two millennia.4 The female inflorescences,
commonly referred to as “cones” or “hops”, are the most used part of the hop plant. The cones consist of
numerous bracts and bracteoles arranged around a central axis or strig.5 On the bracts and bracteoles
are found numerous, peltate, glandular trichomes.6 These glands produce many volatile and resinous
phytochemical  compounds that  likely function in resistance against  herbivores and pathogens and in
signaling.7–10 Many of these same compounds are also valuable to humans.11–14 By far the most common
use of  hops  today  is  for  brewing  beer.11–14 However,  hop  cones  are  also  used  medicinally  for  their
sedative,  estrogenic,  antibacterial,  antifungal,  and  stomachic  properties.15 For  example,  a  hot  water
infusion (colloquially “tea”) can be taken to help improve sleep.16 Other parts of the hop plant are also
useful. For example, young vegetative hop shoots that emerge from the ground in spring are eaten as a
vegetable, and hop fibers have been used in textiles.4,17
Annual worldwide production of hop cones is over 100,000 metric tons.18,19 The vast majority of all hops
produced today are used in the brewing industry.18 It is thought that hops were originally used in beer as a
preservative due to their aforementioned antibacterial properties.11 Over time, humans have also come to
value the flavors and aromas that hops impart to beer.4,11 Hop flavor and aroma derive from the various
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phytochemical compounds found in the cones.12 Economically the most important of these compounds
are the so-called bitter acids, prenylated phenolic compounds that not only give beer its characteristic
bitter flavor but also contribute substantially to the preservative properties of hops. 13 The bitter acids are
subdivided into alpha and beta acids. The alpha acids are the most important bitter acids for brewing
because they are more water soluble than beta acids are; as a result, alpha acids are extracted more
efficiently during the brewing process and thus contribute more to the final bitterness of beer.13 In fact,
alpha acids are so economically important that hop harvests are often appraised in terms of alpha acid
yields.19 In addition to the bitter acids, hops contain many other classes of phenolic compounds, including
flavonoids, that contribute to the bitterness, foam stability, antioxidant activity, and mouthfeel of beer. 13,20,21
Lastly  are  the  hop  volatile,  aromatic  compounds,  existing  in  both  free  and  sugar-bound forms,  that
contribute to beer aroma.12–14
As discussed, the phytochemical composition of the hop plant impacts not only the value of its crop but
also the plant’s ability to function. Plant chemicals are metabolites and have a wide range of internal and
external functions (e.g., energy storage, hormonal signaling, protection against environmental stressors,
and signaling with other organisms).22 Thus, metabolomics can be used to both improve understanding of
plant function and evaluate crop quality. At any given point in time, a plant’s metabolite composition or
metabolome  depends  mainly  on  four  factors:  genetics,  environment,  plant  part,  and  developmental
stage.23,24 The effect of genetics can be observed as phytochemical differences between species and
even  among  individuals  of  the  same  species.  The  environmental  effect  can  be  understood  as
physiological responses to conditions such as nutrient availability and insect pressures. Because plants
are immobile, metabolic adjustments are a main way in which plants respond to environmental changes.22
The different  metabolomes of  different  organs—such as leaf,  flower,  root,  and fruit—are due to their
divergent  physiological  functions.24 Lastly,  the  physiological  changes  as  a  plant  develops  are  also
reflected in its metabolome. In fact, because physiological and chemical changes continue even after a
crop is harvested, postharvest processing and storage are also considerations in plant metabolomics. 25
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Thus, the metabolic composition of plant material at any given time is a product of genetic, environmental,
morphological, developmental, and postharvest factors.
In three separate studies, this project examined the effects of genetic and environmental factors on hop
phytochemistry. The general approach was to systematically vary one or both of these factors and to keep
all other factors constant. This approach was taken to isolate the environmental and genetic components
of hop phytochemical  variation. Hop plants are easily cloned with stem cuttings,  which facilitated the
replication of  genetically  identical  plants  across  multiple  environmental  conditions.  Each  of  the  three
studies are  presented  as a  separate  chapters,  and each  chapter  has its  own abstract,  introduction,
methods, and results and discussion section. Chapters Two and Three were previously published in peer-
reviewed journals,26,27 and Chapter Four has been accepted for publication in Journal of Agricultural and
Food Chemistry.
Each of the three studies addressed gaps in the literature. The terroir study (Chapter Two) examined the
effects of variation in hop genotype and growing location on  levels of  aroma glycosides in hop cones.
Although not the dominant compounds contributing to hoppy aroma in beer, aroma glycosides influence
aroma development during beer storage.28–32 Based on previous  data suggesting that aroma glycoside
content  is dependent  on  cultivar,28,30,32 we  tested  the  hypothesis  that  genotype  was  the  main  factor
affecting variation in levels of four aroma glycosides in hop cones. Our findings could help determine if
hop  aroma  glycoside  content  can  be  controlled  by  varietal  selection  alone,  without  regard  for
environmental conditions. The drought study (Chapter Three) examined the metabolic responses of hop
leaves to water stress. Previous drought studies in hop had targeted specific, predetermined metabolites.
However, ours was the first study to broadly profile metabolite changes in drought stressed hop leaves.
As metabolic responses to drought can be species-specific,33,34 our results are useful for understanding
the basic biology of the hop-specific stress response. In the wild hop metabolomics study (Chapter Four),
the leaf phytochemical composition of a group of wild  H. neomexicanus genotypes from the American
Southwest was compared to that of a group of commercial hop cultivars of European of mixed European–
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North American heritage. To our knowledge, this was the first study to characterize such a wide range of
compounds—including  prenylflavonoids,  bitter  acids,  flavonols,  phenolic  acids,  flavanols,  and
proanthocyanidins—in  H.  neomexicanus leaves.  Many  of  these  compounds  contribute  to  agronomic
properties such as insect and disease resistance. Thus, the findings of this study are relevant for hop
breeders seeking new germplasm sources for improved agronomic traits.
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CHAPTER TWO: TERROIR OF HOP CONE AROMA GLYCOSIDES
Reproduced (with some minor formatting changes) with permission from: Morcol, T. B.; Negrin, A.;
Matthews, P. D.; Kennelly, E. J. Hop (Humulus lupulus L.) terroir has large effect on a glycosylated green
leaf volatile but not on other aroma glycosides. Food Chemistry 2020, 321, 126644.
Copyright 2020, Elsevier.
Abstract
Genetics and environment both influence the content of hop (Humulus lupulus L.) aroma compounds. The
effects of these two factors on aroma glycosides, which can change the aroma profile of beer over time,
were examined in a preliminary study. Twenty-three hop cultivars were grown in the northwestern United
States in two locations with distinct  terroirs. UPLC–MS/MS analysis of hop cone extracts revealed that
growing location had a large effect on hexyl glucoside levels but only a negligible effect on levels of linalyl,
raspberry ketone, and 2-phenylethyl glucoside, which were mostly affected by genetic differences. The
large  terroir effect on hexyl glucoside, which releases a green leaf volatile with a grassy aroma when
hydrolyzed, but not on the other aroma glucosides, which have more desirable aromas when hydrolyzed,
could have an impact on beer aroma profiles.
Introduction
Phytochemical composition is determined primarily by genetic and environmental  factors,35 which can
influence the quality  of  crops,  such as hops (Humulus lupulus L.).13 The female inflorescences (i.e.,
cones) of hops are used to impart flavor, aroma, antimicrobial properties, and foam stability to beer. 13
Studies  of  hop  aroma have  mostly  focused on volatile  compounds in  the  essential  oil.  While  these
volatiles  are  the  main  contributors  to  hop  aroma  in  beer,  glycosidically  bound  aroma  precursor
compounds also play a role.28–30 These aroma glycosides are themselves odorless but release volatile
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aromatic compounds when hydrolyzed by high temperature, low pH, and yeast enzymes.29,36 Thus, they
can contribute to aroma development at various stages of brewing and beer storage.29,31,32 While the
factors influencing concentrations of hop volatiles are relatively well studied,13 factors affecting hop aroma
glycoside levels are not well understood. To our knowledge, there are no quantitative studies about how
genetics and environment affect hop aroma glycoside levels.
Nonetheless,  some  evidence  suggests  that  hop  aroma  glycoside  concentrations  may  be  cultivar
dependent.28,30,32 The  current  study  tested  the  hypothesis  that  most  of  the  variability  in  hop  aroma
glycoside levels is due to genetic differences. If correct, then hop aroma glycoside composition can be
controlled mostly through varietal selection independent of environment. To test this hypothesis, ultra-
performance liquid chromatography–tandem mass spectrometry (UPLC–MS/MS) was used to measure
differences in four aroma glycosides in 23 hop cultivars from two growing locations representing distinct
terroirs;  terroir is defined here as the set of biotic and abiotic environmental factors that determine the
brewing characteristics of hops produced in a given area. Both locations are in the northwestern United
States, the most productive hop growing region in the US. While little is known about the four glycosides,
their  corresponding  aglycones are  known to  be diverse  in  their  biochemical  origins, 10 aromas,37 and
biological functions in plants.38–44 To our knowledge, this study is the first to quantify the effect sizes of
genetics and environment on hop aroma glycoside levels and the first to use UPLC–MS/MS to measure
trends in hop aroma glycosides.
Materials and Methods
Reagents and  S  tandards  
GR-grade methanol and MS-grade methanol,  water,  acetonitrile,  and formic acid were obtained from
VWR International  (Radnor,  PA).  Linalyl,  2-phenylethyl,  citronellyl,  and  geranyl  β-D-glucopyranosides
were  provided  by  Dr.  Ludger  Wessjohann  (Leibniz  Institute  of  Plant  Biochemistry;  Halle,  Germany).
Raspberry ketone β-D-glucopyranoside was purchased from AK Scientific (Union City, CA). Hexyl β-D-
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glucopyranoside was purchased from Sigma Aldrich (Saint Louis, MO). Purified water was obtained using
a Millipore Milli-Q Advantage A10 Water Purification System (Burlington, MA).
Growing  L  ocations and  C  onditions  
Hop plants were harvested in 2015 from commercial fields in two hop growing regions: Yakima Valley (a
region in central Washington, USA at approximately 46°N, between Yakima and Prosser) and the United
States segment of the Kootenay River valley (a region at approximately 49°N extending from Bonners
Ferry,  Idaho,  northward  to  the  Canadian  border),  hereafter  referred  to  as  “Yakima”  and  “Kootenay”,
respectively. Previous work suggests that Washington and Idaho are environmentally different enough to
represent distinct terroirs.45 Based on the Köppen climate classification system, Yakima has a cold, arid
climate with warm summers (BSk), while Kootenay has a boreal, fully humid climate with warm summers
(Dfb).46 Daily weather data from each location for the twelve months preceding sampling are shown in
Figure  1.  All  Yakima  weather  data  are  from Grandview,  Washington  (station:  Grandview  NE).47 For
Kootenay, temperature and precipitation data are from Queen’s Bay, British Columbia (station: QBY), 48
relative humidity data are from Creston, British Columbia (station: 114B1F0),48 and solar data are from
Athol,  Idaho  (station:  SLWI).49 The  Queen’s  Bay  station  most  closely  matched  the  elevation  of  the
Kootenay farm but lacked relative humidity and solar data. The soil characteristics for Kootenay are silt
loam,  fine-silty  to  coarse  silty,  mixed,  active  to  superactive,  calcareous,  frigid,  and  entisol  (USDA
classification LDCG and LBFF); those for Yakima are silt loam, coarse-silty, mixed, superactive, mesic,
and aridisol/mollisol (USDA classifications GGCU and IFFT).50,51
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Figure 1. Daily weather data for the twelve-month period preceding harvest of hop cone samples (i.e., 1 
October 2014 to 30 September 2015).
Panels A, B, and C show differentials for relative humidity (RH),  precipitation, and total solar energy,
respectively; a red bar above zero represents a positive differential for Yakima, and a blue bar below zero
represents a positive differential for Kootenay. Panel D shows the temperature ranges (i.e., minimum to
maximum) for each location, red for Yakima and blue for Kootenay. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Plant Material  H  arvest and  S  ample  P  rocessing  
Twenty-three accessions were used: Hopsteiner experimental lines 04190, 05259, 06290, 06292, 06297,
06300, 09328, 09370, 09371, 09372, 09399, 09410, 10413, 10416, 10419, 10424, 10425, and 10426;
and named cultivars Apollo, Bravo, Delta, Sultana, and Super Galena. All accessions were grown to full
height in both locations. The average/range of rootstock age was 2.3/2–3 years for Kootenay and 3.9/2–
10 years for Yakima. Plants were harvested in mid- to late-September at peak maturity, corresponding to
developmental stage V as previously defined.52 [Additional information about growing hops, which was not
included in the original  Food Chemistry article, is provided in the appendix, p.79]. One entire bine was
harvested for each accession at each location using a Wolf picking machine (WOLF Anlagen-Technik
GmbH  &  Co.  KG;  Geisenfeld,  Germany).  Cones  were  kiln  dried  overnight  and  then  shattered  and
coarsely ground using a Magic Bullet hand blender (Homeland Housewares, LLC, Los Angeles, CA). To
remove soft resins and essential oils, ground tissue was extracted with supercritical CO2, which leaves
most of the aroma glycosides in the “spent” hop solids;31,32 this was done in a custom industrial extractor
at 2,400 psi and 30 °C for four hours. Samples were then vacuum sealed and stored at -7 °C for six
months until analysis.
Spent  H  op  E  xtraction and  E  nrichment  
A single sample representing a single bine was taken for each cultivar from each location. For each
sample, 1.0 g of spent hops was combined with 20 mL purified water in a 50-mL plastic centrifuge tube
and  homogenized  for  3  min  with  a  Polytron  PT1200E  handheld  disperser  (Kinematica  AG;  Luzern,
Switzerland). Homogenization increased the temperature to about 50 °C. Homogenates were centrifuged
at  3000 rpm for  10 min.  Supernatants were further  enriched for  aroma glycosides using solid-phase
extraction (SPE). For each extract a Sep-Pak Vac tC18, 6 mL, 500 mg column (Waters Corporation;
Milford, MA) was first preconditioned with 4 mL GR-grade methanol and then equilibrated twice with 2 mL
purified water. Next, 4 mL of supernatant was loaded. Then the column was washed with 3 mL MS-grade
water. Finally, 2 mL MS-grade methanol was used to elute the compounds of interest. The eluate was
collected and passed through a 0.45 µm PTFE filter (VWR International; Radnor, PA) for analysis.
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UPLC–MS/MS  A  nalysis  
A UPLC–MS/MS system comprised of ACQUITY UPLC and ACQUITY TQD mass spectrometer operated
by MassLynx 4.1 (Waters Corporation; Milford, MA) was used to relatively quantify aroma glycosides in
the enriched hop extracts. The UPLC system included a 1.7 µm, 2.1 × 100 mm ACQUITY UPLC BEH C18
column (Waters Corporation; Milford, MA), which was maintained at 40 °C. The solvent system consisted
of MS-grade aqueous 0.1% formic acid (solvent A) and acetonitrile (solvent B) using a 0.5 mL/min flow
rate. The gradient was as follows: 0–7 min, 97–5% A; 7–9 min, 5% A; 9.0–9.5 min, 5–97% A; 9.5–11.0
min, 97% A. Each filtered SPE eluate was analyzed in triplicate using 5 µL injections. A solvent blank was
injected periodically throughout the analysis for a total of ten times.
Multiple reaction monitoring (MRM) was employed using electrospray ionization and the following MS
tune  parameters:  capillary  voltage  3.00  kV;  extractor  voltage  3.00  V;  RF  voltage  0.10  V;  source
temperature 150 °C; desolvation temperature 350 °C; cone gas flow 0 L/h; collision gas flow 0.10 mL/min.
Optimal MRM parameters were developed for six reference standards (Table 1) using Waters IntelliStart
software. The parent–daughter transition with the largest peak area was used for quantification, and any
remaining transition was used for identity confirmation. Retention times were confirmed by injection of
reference standards.
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315.1 179 – 12 8
citronellyl glucoside no 317.2 58.9 – 34 52
Limits of  D  etection and  Q  uantification  
Limits  of  detection  (LOD)  and  limits  of  quantification  (LOQ)  were  determined  for  linalyl,  hexyl,  2-
phenylethyl,  and  raspberry  ketone  glucosides.  LOD  and  LOQ  were  calculated  according  to  AOAC
guidelines using peak areas of solvent blanks in the retention time range of the target compound.53 For
each compound, LOD and LOQ were calculated as
LOD=meanblanks + 3  SD∗ blanks
LOQ=meanblanks + 10  SD∗ blanks
where meanblanks and SDblanks are the mean and standard deviation, respectively, of the peak areas of 10
solvent blanks.
Relative  Q  uantification and  S  tatistical  A  nalyses  
Waters QuanLynx software was used to calculate peak areas of the MRM transitions designated for
quantification (Table 1). Peak areas were averaged across three injection replicates. For each compound,
two-factor ANOVA without replication was performed in base R designating cultivar and growing location
as  factors.54 Prior  to  ANOVA,  if  any sample  fell  below the  LOQ,  both  samples  of  that  cultivar  were
removed from analysis. Eta squared (η2), a measure of effect size, was calculated from the ANOVA output
for each factor according to the equation
η2=100%  SS∗ factor/SStotal
where SS is the sum of squares.
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Results and Discussion
Detection of  A  roma  G  lycosides  
Four compounds were detected in the enriched hop extracts (Figure 2): linalyl, hexyl, 2-phenylethyl, and
raspberry ketone glucosides. These compounds were present above LOQ in most samples and below
LOD in  only  a  few samples  (Table  2,  Figure  3).  Two additional  compounds—geranyl  and  citronellyl
glucosides—were  not  detected  despite  previous  reports  in  hops.28,31 Given  the  number  of  cultivars
screened, it seems likely that these two compounds were present in at least some samples. Perhaps
these compounds were not detected because the enrichment method used was less rigorous than that
used by the aforementioned authors, or perhaps these two glucosides have relatively poor MS ionization
under the conditions used in this study.
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Figure 2. Chemical structures and sample chromatograms of the four 
aroma glycosides measured in this study.
Raspberry  ketone  glucoside  (“RK”);  2-phenylethyl  glucoside  (“2-PE”);  hexyl  glucoside  (“Hex”);  linalyl
glucoside (“Lin”). Chromatograms are from the daughter ions used for quantification. Retention times are
in min. “glc” corresponds to glucopyranose.
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Limits of detection (LOD) and limits of quantification (LOQ) are expressed in terms of peak area and were
calculated according to AOAC guidelines using the means and standard deviations of 10 solvent blanks. 53
Samples below LOD/LOQ indicate the number of samples—out of 46 total—whose mean peak areas fall
below the indicated values. Accessions removed correspond to accessions for which the mean peak area
of at least one sample fell below the LOQ; even if only one sample of a given accession fell below LOQ,
both  samples  were  removed  in  order  to  maintain  symmetrical  representation  from both  locations  in
ANOVA.
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Figure 3. Aroma glycoside levels, grouped by cultivar, colored by growing location.
Compound name abbreviations:  raspberry  ketone  glucoside  (“RK”);  2-phenylethyl  glucoside  (“2-PE”);
hexyl glucoside (“Hex”); linalyl glucoside (“Lin”). Symbols below each plot indicate if the measured peak
area is below the LOD (“n”) or between LOD and LOQ (“*”); values below LOD were replaced with 0 (to
reflect the uncertainty of our ability to determine presence/absence), and values between LOD and LOQ
were replaced with the LOD value (to reflect the uncertainty in measurement precision); see Table 2 for
LOD/LOQ values. Cultivar abbreviations: APO/Apollo; BRO/Bravo; DEL/Delta; SUL/Sultana; SGA/Super
Galena. Numbered cultivars are Hopsteiner advanced breeding lines. All peak areas are normalized to
weight of plant tissue. Each bar represents the mean of three injection replicates. Red = Yakima; blue =
Kootenay. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Effects of  C  ultivar and  G  rowing  L  ocation on  A  roma  G  lycoside  L  evels in  S  pent  H  op  E  xtracts  
There is variability in peak area among cultivars for all compounds (Figure 3). For 1-hexyl glucoside, there
also appears to be a substantial  terroir effect: for each cultivar, peak area is higher in the sample from
Yakima than from Kootenay (Figure 3). To determine the size and significance of these effects, two-factor
ANOVA without replication was performed for each compound (Table 3), defining location and cultivar as
factors. Prior to performing ANOVA, any accessions with at least one sample falling below LOQ were
removed. Effect size (η2, eta squared) of each factor was calculated from the ANOVA results (Table 3).
Table 3. Results of Multi-Factor Analysis of Variance (ANOVA) for Each Aroma Glycoside
raspberry ketone β-D-glucopyranoside
df SS MS F p η2 (%)
Location 1 1558 1557.9 1.93 0.18 0.48
Cultivar 21 309,383 14732.5 18.29 3.6 × 10−9 94.4
Residuals 21 16,917 805.6 5.16
2-phenylethyl β-D-glucopyranoside
df SS MS F p η2 (%)
Location 1 16.08 16.08 2.24 0.15 2.51
Cultivar 20 481.35 24.07 3.35 0.0047 75.1
Residuals 20 143.64 7.18 22.4
hexyl β-D-glucopyranoside
df SS MS F p η2 (%)
Location 1 9725.3 9725.3 53.43 2.5 × 10−7 48.1
Cultivar 22 6501.8 295.5 1.62 0.13 32.1
Residuals 22 4004 182 19.8
linalyl β-D-glucopyranoside
df SS MS F p η2 (%)
Location 1 0.87 0.87 1.63 0.22 0.45
Cultivar 16 182.53 11.41 21.42 7.6 × 10−8 95.1
Residuals 16 8.52 0.53 4.44
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ANOVA factors are growing location and cultivar. For a given compound, cultivars for which any sample
fell  below  LOQ were  removed  (see  also  ).  Eta  squared  (η2)  represents  the  proportion  of  variability
explained by a given factor and is calculated as 100% * SS factor/SStotal. Abbreviations and symbols: df =
degrees of freedom; SS = sum of squares; MS = mean squares; F = F-statistic; p = p-value.
The effects of cultivar on levels of linalyl and raspberry ketone glucosides were highly significant (p < 7 ×
10−8) and quite large (η2 ≈ 95%) (Table 3); genetic differences accounted for about 95% of variability in
levels of these compounds. In contrast, the effects of growing location were quite small (η2 = 0.5%) and
non-significant  (p  >  0.17).  The effect  of  cultivar  on levels  of  2-phenylethyl  glucoside was also quite
substantial (η2 = 75%) and significant (p = 0.0047), while the effect of growing location was small (η 2 =
2.5%) and non-significant (p = 0.15). However, the effect of cultivar was not nearly as large as for linalyl
and raspberry ketone glucosides. In addition, over 22% of variability in 2-phenylethyl glucoside levels was
left unexplained by cultivar and location. It is possible that this unexplained variability was partly due to
interactions  between  cultivar  and  growing  location.  However,  due  to  a  lack  of  biological  replicates,
cultivar-by-location interactions could not be determined. Nonetheless, the results for linalyl,  raspberry
ketone,  and  2-phenylethyl  glucosides  support  the  hypothesis  that  cultivar  is  the  major  factor  in
determining aroma glycoside levels in hops.
In  contrast,  genetic  difference  accounted  for  only  about  one-third  (η2 =  32%)  of  variability  in  hexyl
glucoside levels. These differences were not significant (p ≈ 0.13). However, the differences by location
were highly significant (p = 2.5 × 10−7) and accounted for nearly half (η2 = 48%) of the total variability. In
fact, for each cultivar, the Yakima sample had higher levels of hexyl glucoside than did the Kootenay
sample (Figure 3). Apparently, environment, not genotype, is the main factor determining hexyl glucoside
level in hops, which does not support the original hypothesis.
Given the current experimental design, it is impossible to determine which environmental differences (see
Figure 1 and  section “Growing Locations and Conditions”)  caused the observed differences in  hexyl
glucoside content between locations. Nonetheless, some speculations can be made. While there are no
known studies on factors that affect hexyl glucoside accumulation, inferences can still be made based on
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the free volatile, 1-hexanol, because levels of glycosides and aglycones are related.55–58 Furthermore,
because a single stressor can take priority over others, even with multiple stressors present,59 it is useful
to explore single environmental factors.
One stressor to consider is insect herbivory. The seasonal windows of occurrence for the most important
hop insect pests in the Pacific Northwest—mites and aphids—are two and five times longer, respectively,
in central Washington than in northern Idaho.60 Also, spider mite damage is consistently observed to be
higher in Yakima than in  Kootenay (hop growers,  personal  communications).  Plants  produce several
types of volatile compounds in response to herbivory. Green leaf volatiles (GLVs), such as 1-hexanol, are
stored  as  glycosides  in  leaf  tissue  and  released  immediately  upon  insect  attack. 59,61,62 In  contrast,
terpenoids (e.g., linalool) and shikimate pathway derivatives (e.g., 2-phenylethanol, raspberry ketone) are
produced  de novo and released several  hours after  initial  attack.62,63 Recent work demonstrated that
repeated mechanical damage, which simulates aspects of herbivory, resulted in elevated levels of a GLV
and its glucoside but in no significant changes in levels of terpenoids (including linalool) and phenolics
(including 2-phenylethanol) in freshly harvested tea leaves.64 This pattern is consistent with our findings.
Therefore, it seems possible that greater insect herbivory is what led to higher accumulations of hexyl
glucoside in the leaves (i.e.,  bracts and bracteoles) of hop cones from Yakima relative to those from
Kootenay.
To test this hypothesis, a controlled experiment varying only insect herbivore pressure is recommended. A
phytochemical analysis of several GLV, terpenoid, and phenolic glycosides in cones would test whether
differences in insect pressure alone can reproduce the pattern observed in the present study. A further
analysis of cone parts would determine whether GLV glucosides are accumulating in bracts/bracteoles,
lupulin glands,  or strigs.  Additional  experiments that  measure gene expression and volatile  aglycone
levels would give a more complete picture of the underlying biosynthetic processes. These biosynthetic
studies should use fresh, minimally altered (e.g., flash-frozen) hop cones in order to avoid the potentially
confounding effects of kiln drying and other practices commonly used in the hop industry and in this study.
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These findings have implications for brewing and hop industries. Hop aroma glycosides play a role in
aroma  development  of  beer.30,32 Linalool,  raspberry  ketone,  and  2-phenylethanol  have  desirable
aromas,37,65 and our data show that levels of the corresponding glucosides in spent hops are relatively
stable across the environments tested. On the other hand, the aroma of 1-hexanol is less desirable for
beer,37,65 and levels of the corresponding glucoside in spent hops seem to be substantially affected by
environment. Thus, hop growers may want to consider the effect of terroir on this compound. It should be
noted, though, that beer aroma is a product of complex interactions between hundreds of compounds
derived from hops, barley, and fermentation.66 Therefore, variation in the level of any one compound may
not have a noticeable impact on the final product. Furthermore, relative to free volatiles, the overall impact
of hop aroma glycosides on beer aroma is considered to be small, at least for the few cultivars studied
thus far.29,67 Therefore, to better assess the potential implications of genetic and environmental differences
for beer aroma development, sensory and quantitative studies involving brewing and storage trials with
hops grown under several conditions are recommended. Absolute quantification of aroma glycosides in
spent hops would also benefit those exploring the potential value of transforming this waste stream of hop
extract production into another source of hop aroma compounds.
Conclusions
This preliminary study tested the hypothesis that genetic difference, rather than environmental difference,
is the main factor affecting hop aroma glycoside levels. Four aroma glycosides—representing diverse
biochemical origins and biological functions—were measured in hop cone samples across 23 cultivars
grown in  two locations with  distinct  terroirs.  Genetic  difference was found to  be the dominant  factor
contributing  to  variation  in  levels  of  linalyl,  phenylethyl,  and  raspberry  ketone  glucosides.  However,
difference in growing location had a greater effect on hexyl glucoside levels than did genetic difference. It
is possible that relatively high insect herbivory in Yakima caused an adaptive increase in hexyl glucoside
accumulation while having no effect on terpenoid and phenolic glucosides. To test this new hypothesis,
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controlled experiments measuring effects  of  different  levels  of  insect  pressure on green leaf  volatile,
terpenoid, and phenolic glycosides in hops are needed.
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Abstract
The hop (Humulus lupulus L.) is an important specialty crop used in beer production. Untargeted UPLC-
QTof-MSE metabolomics was used to determine metabolite changes in the leaves of hop plants under
varying  degrees  of  drought  stress.  Principal  component  analysis  revealed that  drought  treatments
produced qualitatively distinct changes in the overall chemical composition of three out of four genotypes
tested  (i.e.,  Cascade,  Sultana,  and  a  wild  var.  neomexicanus accession  but  not  Aurora),  although
differences among treatments were smaller than differences among genotypes. A total of 14 compounds
consistently  increased  or  decreased in  response  to  drought  stress,  and  this  effect  was  generally
progressive  as  the  severity  of  drought  increased.  A  total  of  10  of  these  marker  compounds  were
tentatively identified as follows: five glycerolipids, glutaric acid, pheophorbide A, abscisic acid, roseoside,
and dihydromyricetin.  Some of  the observed metabolite changes  likely  occur  across all  plants under
drought conditions, while others may be specific to hops or to the type of drought treatments performed.
Introduction
Drought  is a major  challenge that  human societies across the world  have faced for  millennia.68 It  is
estimated that drought is the most costly type of natural disaster worldwide and that the agricultural sector
bears over 80% of the resulting damage and losses.69 The hop plant (Humulus lupulus L.) is a specialty
crop of growing economic importance grown for its flowers (“cones”),  which are used in brewing and
medicine.5,19 In the coming years,  because of climate change, droughts are projected to increase and
negatively affect agriculture in the world’s main hop-growing regions: central and eastern Europe and the
Pacific Northwest region of the United States.70,71 Understanding how hops respond to drought stress is
important for hop breeding and selection.
Plant  adaptation to  drought  includes  morphological,  physiological,  biochemical,  and  ecophysiological
changes.72 To date, hop–drought response studies have documented differences in the xylem structure,
changes in protein, metabolite, pH, and mineral levels, and changes in physiological parameters related
to  water  dynamics,  transpiration,  and  photosynthesis.73–81 Although  previous  studies  have  targeted
specific metabolites [e.g., proline and  abscisic acid (ABA)],  a broad understanding of  hop metabolite
changes  under  water  stress  is  lacking.  Because  metabolic  response  to  drought  is  often  species
specific,33,34 there is value in studying hop-specific drought stress responses. Thus, we performed an
untargeted metabolomic comparison of well-watered and water-stressed hop plants.  Our goals were to
understand how drought affects  hop metabolism and to identify specific chemical  markers of drought
stress. To the best of our knowledge, this is the first untargeted metabolomics study of hop response to
drought stress.
Materials and Methods
Chemicals and Reagents  
MS-grade formic acid, acetonitrile, water, and methanol were purchased from VWR International (Radnor,
Pennsylvania, USA). Indole-3 butyric acid and boric acid were purchased from Sigma-Aldrich (St. Louis,
Missouri, USA). Ethanol was purchased from Greenfield Global USA Inc. (Brookfield, Connecticut, USA).
Plant  P  reparation  
Four hop genotypes were used in this study: three commercial cultivars—Aurora (AUR), Cascade (CAS),
and Sultana (SUL)—and TM2-30A, a wild  H. lupulus var.  neomexicanus accession (NEO)  collected in
22
October 2016 near Nutrioso, Arizona, USA. Aurora was chosen to add to the growing body of the drought
literature on this variety.75,76,81 Cascade was chosen because it has been one of the most popular varieties
in the USA in terms of acreage over the past six years. 19 Sultana was chosen because it is a newly
released variety. NEO was chosen because it is genetically distant from the three commercial varieties. 82
In fact, some now consider  H. lupulus var. neomexicanus to be a separate species,  H. neomexicanus.1
The pedigrees  of  the  commercial  cultivars  are  as  follows:  Aurora (Northern  Brewer  × T8);  Cascade
([Fuggle  × {Serebrianka  × Fuggle seedling}]  × open pollinated);  and  Sultana (Nugget  × [Zeus  × USDA
19058m]).83,84 All plants were clonally propagated from a living collection maintained in a greenhouse at
Lehman  College,  City  University  of  New  York  (Bronx,  New  York,  USA).  Greenhouse  environmental
controls were set to 70% relative humidity, 15 h day length, 15,000 lux, day temperature 26 °C, and night
temperature 20 °C. In early August 2018, up to 80 stem cuttings (depending on the availability of the plant
material) from each of the four genotypes were dipped in a rooting hormone solution and propagated into
Oasis Wedge  growing medium (part no. 5643, Smithers-Oasis U.S.A., Kent, Ohio, USA). The rooting
hormone solution consisted of indole-3 butyric acid and boric acid, each at a concentration of 1 g/L, in
aqueous 95% ethanol. The Oasis Wedges were  kept fully saturated with a 50 g/L aqueous solution of
Jack’s classic all-purpose 20-20-20 fertilizer with micronutrients (JR Peters, Inc., Allentown, Pennsylvania,
USA). After 3 weeks, when the cuttings had developed visible roots, each Wedge was transferred to a 14
cm square plastic greenhouse pot (Dillen Products, Middlefield, Ohio, USA) filled with 575 g of Metro-Mix
360 sterile potting medium  (Sun Gro Horticulture,  Agawam, Massachusetts,  USA) and topped with 1
tablespoon of Nutricote Total 13-13-13  controlled release fertilizer with micronutrients, type 140 (Arysta
LifeScience, King of Prussia, Pennsylvania, USA). The soil–water saturation of the potting medium was 1
mL water/g soil. Potted cuttings were maintained in the greenhouse for seven weeks to allow for healthy
root and vegetative development. During this seven week establishment period, plants were regularly
watered to saturation and trimmed to maintain uniform size (maximum bine length ca. 25 cm). Soil was
saturated once per week with an aqueous solution of 20-20-20 fertilizer (4.7 g/L) and magnesium sulfate
(Vi-Jon Laboratories, St. Louis, Missouri, USA) (78 mg/L).
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Drought  T  reatments  
Drought treatments were performed in the same greenhouse during the three week period starting from
October 16, 2018. Within each genotype, up to 36 (depending on the availability of the plant material) of
the most uniform plants were chosen and randomly assigned to one of three treatment groups: control,
moderate drought stress, and severe drought stress. Each day, soil moisture and plant moisture were
assessed for all plants in the severe treatment group; for a given genotype, when the soil felt noticeably
dry, the plants were near wilting, and the pots weighed around 400 g, each plant within that genotype
received water  according to  its  treatment  group:  control,  575 mL (corresponding to  100% soil  water
saturation);  moderate,  430  mL  (75%  saturation);  and  severe,  345  mL  (60%  saturation).  With  these
guidelines,  watering  was performed every  3–4  days.  This  watering  regime corresponds to  a  type  II
drought manipulation as described by He and Dijkstra.85 On watering days, potted plants in all treatment
groups were weighed just prior to watering and also within a few hours after watering once dripping from
the bottom of the pots had stopped. Soil  weight data are presented in the appendix section  “Drought
Metabolomics,  Supporting  Information”  (p.  87),  Figure  14. The  spatial  arrangement  of  pots  was
randomized. At the beginning of the second and third week of the treatment period, each plant was given
100 mL less water than usual plus an additional 100 mL of fertilizer solution containing 0.25 g of 20-20-20
fertilizer and 6.6 mg of magnesium sulfate. Over the three week course of the experiment, some plants
were removed because of visible powdery mildew or spider mite infestation.
Post-  T  reatment  S  ampling and  P  rocessing  
At the end of the three week treatment period, leaf samples were taken from all plants on the same day,
completely  sampling  one  genotype  before  moving  to  the  next.  To  minimize  circadian  fluctuations  in
metabolites, plants within each genotype were harvested within 45 min to 2 h, depending on the number
of plants, and the sampling order was without regard to the treatment group. Depending on availability, up
to 24 leaves per plant were taken from multiple bines, sampling the first two pairs of fully opened leaves
from  each bine and pooling all leaves from a single plant  to constitute one biological replicate; leaves
were only sampled from bines with intact apical buds. At the time of sampling, many plants in the severe
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treatment group had begun to wilt.  Leaf samples were immediately flash-frozen with liquid nitrogen in
plastic 50 mL centrifuge tubes, pulverized by hand using a plastic dowel (cleaned with ethanol between
samples), and stored at −80 °C. For one week after sampling, batches of frozen, pulverized leaf tissue
were lyophilized and then stored at −20 °C for 12 months until  extraction and analysis.  Shortly after
sampling the leaf tissue, measurements were taken to determine the water content of the aboveground
plant material and the soil. Details and results of these measurements are provided in appendix section
“Drought Metabolomics, Supporting Information” (pp.  88,89, and  91),  Figure 15,  Figure 16, and  Figure
17).
Extraction and  UPLC-QTof-MS  E   A  nalysis  
Prior to analysis, a pooled quality control  (QC) sample was prepared  using all  four  genotypes.  First,
approximately equal weights of 12 lyophilized leaf powder samples were combined, one sample for each
treatment-by-genotype combination (i.e., three treatments × four genotypes). Then, 4:1 (v/v) methanol–
water was added at a ratio of 1 mL of solvent per 10 mg of powder. This mixture was sonicated for 30 min
at room temperature and  centrifuged at  2700 rpm for  5 min. Several equal-volume aliquots of  the QC
supernatant were dried under nitrogen flow and stored at −20 °C.
Samples were extracted and analyzed in four separate batches, one batch for each genotype as follows.
First, 50 ± 1 mg of the lyophilized leaf powder sample was combined with 5.0 mL of 4:1 methanol–water;
samples with less than 50 mg of total leaf powder were not extracted. This mixture was then sonicated for
30 min at room temperature and centrifuged at 2700 rpm for 5 min. Supernatants were filtered using an
Acroprep Advance 0.45  μm PTFE 96-well filter plate (Pall Life Sciences, Port Washington, New York,
USA). Equal volumes of each extract were pooled to create a genotype-specific QC (GQC) sample. For
each batch, one aliquot of the QC sample was redissolved in its original volume of 4:1 methanol–water
and filtered as mentioned above.
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Analysis was performed using an ACQUITY  ultrahigh-performance liquid chromatograph  coupled to a
Xevo G2 QTof-MS (Waters Corporation, Milford, Massachusetts, USA). The ultrahigh-performance liquid
chromatograph was equipped with an ACQUITY UPLC BEH C18, 1.7 μm, 2.1 × 100 mm column attached
to an ACQUITY UPLC BEH C18, 1.7 μm, 2.1 × 5 mm VanGuard precolumn (Waters Corporation, Milford,
Massachusetts, USA) maintained at 40 °C. The mobile phases were water (A) and acetonitrile (B), each
with 0.1% (v/v) formic acid. The gradient proceeded as follows: 90% A (0 min); 40% A (8 min); 0% A (8.1
min); 0% A (11.1 min); 90% A (11.2 min);  and 90% A (15 min). Flow was maintained at 0.5 mL/min. All
samples were injected at  2  μL using  a  partial  loop with  needle  overfill.  Each batch began with  four
injections of the GQC sample to condition the column. The experimental samples were randomized and
analyzed in triplicate. The QC and GQC samples were each injected at the beginning and end of each
batch  and  also  after  every  10  injections  of  an  experimental  sample.  Finally,  15  solvent  blanks  (4:1
methanol–water) were analyzed at the end of each batch. This injection order was based on the work of
De Vos et al.86 Electrospray ionization in the negative polarity mode (ESI–) was used with the following
settings: sample probe capillary voltage, 2500 V; sampling cone voltage, 30 V; extraction cone voltage, 4
V; source temperature, 110 °C;  and  desolvation temperature, 400 °C. Nitrogen was used as both  the
desolvation  and cone gas with flow rates of 800 and 50 L/h, respectively. Data were acquired in  the
centroid mode using MSE (low collision energy 6 eV,  high collision energy ramp 20–50 V) over a mass
range of 100–1500 Da and retention time  range of 0–12 min with a scan time of 0.2 s. A solution of
leucine–enkephalin was used for lock mass correction. To aid in compound identification, some samples
were also analyzed in  the  positive ionization mode (ESI+) using the same parameters as  mentioned
above except for the following: sample probe capillary voltage, 3000 V; sampling cone voltage, 40 V; and
MSE high collision energy ramp, 20–60 V.
Data  P  rocessing and  A  nalysis  
Waters  .RAW data  files  were  converted  to  .ABF format  using  Reifycs  Analysis  Base  File  Converter
version 4.0.0.0 (Reifycs Inc., Tokyo, Japan)  using default settings and then processed using MS-DIAL
version 4.18  (parameter settings in  the  Supporting Information, Appendix S2).87 Feature-wise between-
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and  within-batch  correction  was  performed  in  R  using  the  batchCorr  package  with  the  following
parameters: number of clusters tested 2-34 (by 2’s) and  QC coefficient of variation  (CV)  cutoff  value
0.3.88,89
Next,  relative  limits  of  quantification  (“rLOQ”  to  emphasize  the  peak  area  rather  than  the  absolute
quantity)  were  determined  separately  for  each  feature.  The  rLOQ was  calculated  using  means  and
standard deviations of peak areas from blank samples according the following equation, adapted from
Horwitz’s definition of limit of determination53
rLOQ = meanblanks + 10  SD∗ blanks
Then,  the  dataset  was filtered  to  include  only  features  whose  peak areas  were  above  rLOQ for  all
experimental  samples.  This  rLOQ  filtering  step  was  done  to  ensure  quantitatively  reliable  data  for
downstream filtering and statistical tests.
The next filtering step was preformed to identify and remove features that are likely to be redundant (i.e.,
derived from the same compound). First, highly correlated, closely eluting features were identified. This
was done by determining Pearson correlation coefficients (r) for all feature pairs based on peak areas of
all experimental samples. Feature pairs with r > 0.9 and retention time difference less than 0.02 min were
presumed redundant  and  were  used  for  network  analysis  in  R  using  the  igraph  package.88,90 In  the
network analysis, each feature pair was considered as an edge and each feature was considered as a
node.  Each  network  component  (i.e.,  grouping  of  directly  and  indirectly  connected  features)  was
presumed to consist of features from a common chemical compound. From each network component, the
feature with the greatest average peak area was retained and all others were removed.
Drought  S  tress  M  arker  S  election and  T  entative  I dentification  
Features  that  consistently  and  significantly  increased  or  decreased across  all  three  cultivars
(AUR/CAS/SUL) were selected as drought stress markers.  NEO was not  included in these selection
criteria  because  low  sample  sizes  drastically  reduced  statistical  power.  Statistical  significance  was
27
defined as nonoverlapping 95% confidence intervals between the control and severe treatment group of a
genotype.  If  the  differences  between  the  control  and  severe  groups  were  significant  for  all  three
genotypes and the differences were all in the same direction, then, the feature was considered to be a
marker.  Marker  compounds were  tentatively  identified based on the  elemental  composition analysis,
published mass spectra, retention times, and elution order. This process was aided by the SciFinder
database (Chemical Abstracts Service, Columbus, Ohio, USA). For each marker compound, fold-change
values were calculated for each genotype by dividing the mean peak area of the severe group by the
mean peak area of the control group and then log2-transformed.
Statistical  A  nalyses and  Fi  gures  
Unless otherwise noted, all statistical analyses and plotting were performed in base R. All MS peak area
data were averaged across injection replicates prior to further analysis. Averaged peak areas were mean-
scaled and centered prior to principal  component analysis. Sample size numbers vary slightly among
some  datasets  because  of  the  availability  of  the  plant  material  and  missing  data  points.  Chemical
structures  were  generated  with  ChemDraw  Professional  version  19.1.1.21  using  information  from
SciFinder and OPSIN.91
Results and Discussion
MS  D  ata  P  reprocessing and  F  iltering.  
Data processing and filtering substantially reduced  the  dataset size. First, MS data were preprocessed
with MS-DIAL, which yielded 2387 unique features (i.e., mass-to-charge/retention time pairs). To correct
for  the  inter-  and  intrabatch intensity  drift,  peak  areas  were  normalized  with batchCorr.89 After
normalization,  features  with  CV greater  than  30% among  the  QC samples  were  filtered  out,  which
reduced the dataset to 2131 features. The next filtering step removed features with any peak area values
below  rLOQ, which  resulted in 470 features,  the most substantial  reduction of all  filtering steps.  The
purpose of rLOQ filtering was to ensure quantitative reliability of peak area values for downstream data
processing and analysis. The final filtering step identified groups of features likely to be from the same
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compound  and  removed  all  but  one  of  these  features  from  each  group.  The  goal  was  to  reduce
redundancy  (i.e.,  multiple  features  derived  from  the  same  compound),  which  can  be  abundant  in
preprocessed data. Redundancy criteria were high peak area correlation among samples (Pearson r >
0.9) and low retention time difference (< 0.02 min).  The 0.02 min retention time difference limit  was
chosen based on two criteria: (1) observations of retention time shifts in chromatograms and (2) a sharp
drop-off in the frequency of highly correlated (r < 0.9) feature pairs with retention time differences greater
than 0.02 min (histograms in appendix section “Drought Metabolomics, Supporting Information” (pp. 92,
93)  Figure 18 and  Figure 19). The final filtering step resulted in 278 features. Overall, the number of
features was reduced by almost 90% as a result of filtering.
Principal  C  omponent  A  nalysis  
Principal  component  analyses  (PCA)  were  performed  to  qualitatively  assess  trends  in  the  chemical
composition of the hop leaf extracts. The PCA score plot of all genotypes (Figure 4, left panel) shows
each genotype as chemically distinct. NEO and SUL separate completely from each other and from AUR
and CAS on PC1, while AUR and CAS almost separate from each another on a combination of PC1 and
PC2.
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Figure 4. PCA score plots of all four hop genotypes (left panel) and treatment groups within each 
genotype (right panel).
The x- and y-axis represent the first and second principal component, respectively, and each axis label
includes the percent of total variance explained by the corresponding component. Samples sizes for each
genotype (total/control/moderate/severe): AUR/Aurora (28/10/9/9), CAS/Cascade (17/7/6/4), SUL/Sultana
(29/10/10/9), and NEO/neomexicanus_TM2-30A (10/5/2/3).
Within  each  genotype  (Figure  4,  right  panel),  varying  degrees  of  separation  are  observed  among
treatment  groups.  For  CAS,  control  and  severe  group  samples  separate  completely  on  PC1  with
moderate group samples intermediate to and overlapping samples of the other two groups. The plots for
NEO and SUL also show some stratification by  the  treatment group, although the separation between
control and severe groups is not complete. In contrast, little to no stratification by the treatment group is
apparent for AUR. The PCA results suggest that overall chemical differences between genotypes were
greater than differences between treatment groups. Nonetheless, within genotypes, there were trends
among treatment groups for some genotypes. Our observation that the overall chemical composition of
hop leaves is influenced more by genetic differences than by environmental factors (e.g., experimental
treatment) is generally in agreement with other studies, most of which have analyzed hop cones. For
example, it has been shown that some essential oil constituents, bitter acid constituents, prenylflavonoids,
and aroma glycosides have a strong genetic component.27,92,93 Nonetheless, environmental factors can
30
still  have substantial influence on some aspects of hop chemistry, such as total bitter acid and hexyl
glucoside levels.27,92
Drought  S  tress  M  arkers:  S  election and  Q  uantitative  T  rends  
Features whose peak areas were consistently higher or lower in the severe treatment group relative to the
control group were selected as drought markers. More specifically,  features with significantly different
peak areas (i.e., nonoverlapping 95% confidence intervals) between control and severe treatment groups
for the genotypes AUR, CAS, and SUL were selected. NEO was not included in the selection criteria
because  low  sample  sizes  greatly  reduced  statistical  power.  Fifteen  features  were  selected,  which
corresponded to fourteen unique compounds (1–14). The means and 95% confidence intervals of each
genotype-by-treatment combination for each marker compound (Figure 5) reveal some notable trends.
First, although NEO was not part of the marker selection criteria, the differences between the NEO control
and severe treatment  group means were  still  significant  for  compounds  4,  5,  and  14.  In  fact,  these
differences were in the same direction (i.e., increased or decreased) as for the other three genotypes,
which is more clearly demonstrated in Figure 3. Second, most of the marker compounds (2, 3, 5–12, and
14) increased, while only three (1,  4,  and  13) decreased under drought conditions (Figure 6). Third, in
over 90% of cases, the sample mean of the moderate group is intermediate to the sample means of the
control  and  severe  groups (Figure  5),  which  suggests  a  progressive  increase  or  decrease  in these
compounds across all four varieties as drought conditions increased in severity. Collectively, these trends
suggest that the 14 drought markers may be consistent across a range of hop genotypes.82,84 However,
these results may not necessarily extend to all genotypes or growing conditions. For example, differences
in drought conditions can affect both the direction (i.e., increase or decrease) and intensity of changes in
levels of certain metabolites.73,94 Furthermore, hop plants in commercial fields tend to be substantially
older and taller and have more developed root structures than plants grown in the greenhouse, which can
all  affect  plant  water  relations.72,95 To  validate  our  drought  stress  markers  for  a  wider  range  of
experimental conditions and genotypes, more work is needed.
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Figure 5. Peak areas for drought stress marker compounds, labeled by the compound number.
Each  plot  is  organized  by  the  genotype  and  treatment  group.  Error  bars  represent  95% confidence
intervals. Within each genotype, black lines connect the sample means of each treatment group. For all
compounds (1–14), differences between control and severe treatment groups for AUR, CAS, and SUL are
statistically  significant  based  on  nonoverlapping  confidence  intervals;  this  is  also  true  for  NEO  for
compounds 4,  5, and 14. Samples sizes for each genotype (total/control/moderate/severe): AUR/Aurora
(28/10/9/9),  CAS/Cascade  (17/7/6/4),  SUL/Sultana  (29/10/10/9),  and  NEO/neomexicanus_TM2-30A
(10/5/2/3).
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Figure 6. Binary logarithm of fold changes of drought stress marker compounds in the severe drought 
treatment group relative to the control group for each of the four genotypes.
Samples sizes for each genotype (control/severe): AUR/Aurora (10/9), CAS/Cascade (7/4), SUL/Sultana
(10/9), and NEO/neomexicanus_TM2-30A (5/3).
D  rought  S  tress  M  arkers:  I dentity  ,  M  etabolism, and  F  unction  
Compound identities were tentatively assigned to 10 of the 14 drought stress marker compounds (2 and
4–12) based on mass spectral data (Table 4).  These compounds consist of a diverse group of primary
and secondary metabolites, including five glycerolipids (7–11), a porphyrin (12), an organic acid (2), a
norisoprenoid (6),  a norisoprenoid glycoside (5),  and a flavonoid (4)  (Figure 7).  Additional discussion
about  unidentified  compounds  (1,  3,  13,  and  14)  is  provided  in  the  appendix  section  “Drought
Metabolomics, Supporting Information” (p. 85).
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157.0136 [M − H−C15H14O8]- (C6H5O5, -0.6); 
113.0236 [M − H−C16H14O10]- (C5H5O3, -2.7)
2 glutaric acid 
(C5H8O4)
0.85 131.0338 [M 
− H]- (C5H7O4,
-4.6)









403.1567 [M − H−C6H10O5/hexose] (C18H27O10, -
9.2); 223.0969 [M − H−C12H22O11/dihexose]- 








301.0337 [M − H−H2O]- (C15H9O7, -3.7);  
193.0137 [M − H−C6H6O3]- (C9H5O5, 0.0); 
165.0183 [M − H−C7H6O4]- (C8H5O4, -3.0); 
125.0232 [M − H−C9H6O5]- (C6H5O3, -5.6); 
109.0284 [M − H−C9H6O6]- (C6H5O2, -5.5); 








385.1884 [M − H]- (C19H29O8, 5.7); 153.0921 [M 
− H−C6H10O6/glucose-C4H6]- (C9H13O2, 3.3); 
409.1836 [M + Na]+ (C19H30O8Na, -2.9); 
207.1397 [M + H−C6H12O6/glucose]+ (C13H19O2, 
5.8); 189.1285 [M + H−C6H12O6/glucose-H2O]+ 
(C13H17O, 3.2)
98–101
6 abscisic acid 
(C15H20O4)




219.1380 [M − H−CO2]- (C14H19O2, -2.3); 
153.0914 [M − H−C6H6O2]- (C9H13O2, -1.3); 
287.1246 [M + Na]+ (C15H20O4Na, -4.5); 
247.1339 [M + H−H2O]+ (C15H19O3, 2.0); 










277.2146 [M − 
H−C5H12NO5P/glycerophosphatidylethanolamine
]- (C18H29O2/fatty acid, -7.9); 498.2617 [M + Na]+ 











277.2151 [M − 
H−C9H17O10P/glycerophosphatidylinositol]- 
(C18H29O2, -6.1); 223.0033 [M − 
H−C21H38O5/glycero fatty acid]- (C6H8O7P, 11.2); 
171.0042 [M − H−C24H38O6]- 
(C3H8O6P/glycerophosphate, -9.4); 152.9944 [M 
− H−C24H40O7]- (C3H6O5P/glycerophosphate, -










299.0450 [M − H−C18H30O2/fatty acid]- 
(C9H15O9S, 4.3); 225.0069 [M − 
H−C21H36O4/glycero fatty acid]-  (C6H9O7S, 0.0); 
164.9848 [M − H−C23H40O6]- (C4H5O5S, -6.1 
ppm); 601.2668 [M + Na]+ (C27H46O11SNa, 1.5); 










1397.7314 [2M + CHO2]- (C67H113O30, -0.2); 
1351.7325 [2M − H]- (C66H111O28, 4.7); 675.3589 
[M − H]- (C33H55O14, -0.4); 415.1438 [M − 
H−C18H28O/fatty aldehyde]- 
(C15H27O13/digalactoglycerol, -3.4); 397.1344 [M 
− H−C18H30O2/fatty acid]- (C15H25O12, -0.5); 
277.2161 [M − H−C15H26O12/digalactoglycerol]- 
(C18H29O2/fatty acid, -2.2); 235.0828 [M − 
H−C24H40O7]- (C9H15O7, 4.4); 1375.7159 [2M + 
Na]+ (C66H112O28Na, -5.7); 699.3560 [M + Na]+ 
(C33H56O14Na, -1.1); 515.3151 [M + 
H−C6H10O5/galactose]+ (C27H47O9, -13.4); 
353.2693 [M + H−C12H20O10/digalactose]+ 












653.3759 [M − H]- (C31H57O14 , 1.7); 397.1344 [M
− H−C16H32O2/palmitic acid]- (C15H25O12, -0.5);  
255.2320 [M − H−C15H26O12/digalactoglycerol]- 
(C16H31O2/palmitic acid, -1.6); 677.3741 [M + Na]




12 pheophorbide A 
(C35H36N4O5)




1183.5287 [2M − H]- (C70H71N8O10, -0.5); 
1185.5455 [2M + H]+ (C70H73N8O10, 0.4); 
615.2576 [M + Na]+ (C35H36N4O5Na , -1.1); 
593.2757 [M + H]+ (C35H37N4O5 , -1.2); 575.2673 
[M + H−H2O]+ (C35H35N4O4 , 2.6); 547.2672 [M + 
H−CH2O2]+ (C34H35N4O3 , -6.8); 533.2554 [M + 
H−C2H4O2]+ (C33H33N4O3, 0.2); 519.2408 [M + 
H−C3H6O2]+ (C32H31N4O3, 2.3); 505.2260 [M + 
H−C4H8O2]+ (C31H29N4O3, 4.0); 487.2454 [M + 
H−C3H6O4]+ (C32H31N4O, -9.0); 477.2343 [???]+ 
(???); 445.2055 [M + H−C6H12O4]+ (C29H25N4O, 










789.5148 [M − H]- (C45H73O11, -0.6); 813.5096 [M
+ Na]+ (C45H74O11Na, -4.1)
111
14 [unknown] (???) 9.99 607.4224 
[???]- (???)
624.4135 [???]- (???); 607.4224 [???]- (???); 
305.2502 [???]- (???)
aIncludes ESI– and ESI+ data from low and high collision energy functions.
bSome masses are also consistent with the grasshopper ketone glucoside, which has the same molecular
formula and has been reported in H. lupulus. However, the putative [M – H–C6H6O2]− with m/z 153.0914
suggests roseoside.
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Figure 7. Molecular structures of tentatively identified drought stress marker compounds from hop (H. 
lupulus) leaves.
Lipid  R-group  structural  information  intentionally  left  ambiguous  to  reflect  uncertainty  about  the
attachment position of the fatty acid to glycerol (i.e.,  sn-1 or  sn-2) and about the location of fatty acid
double bonds.
The  drought  stress  marker  compounds encompass  a  diversity  of  metabolic  pathways  and  functions
(Table 5). Most numerous were the  glycerolipids (7–11), even though extraction and UPLC  conditions
were not optimized for lipids. All five (7–11) are monoacylated (i.e., contain one fatty acid chain), and all
five  increased in  drought-stressed  leaves.  Monoacylated  glycerolipids  are produced by lipolysis  (i.e.,
enzymatic fatty acid removal)  of diacylated glycerolipids, which are components of cell  and organelle
membranes.112–114 Lipolytic activity is thought to increase in plants under water stress and to function in the
biosynthesis of signaling molecules and membrane degradation.113 Perhaps the most well-known of these
signaling molecules is jasmonic acid, which is generated from membrane lipid fatty acids and increases
under osmotic stress.22,115 Thus, our observation of increases in monoacylated glycerolipids is consistent
with increased lipolytic activity in response to drought.
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amine (LPE), 18:3 (7); 
phospholipid
incr. [our study]; most 
LPE (incl. 18:3) decr., 
one LPE slightly incr. in 
Arabidopsis thaliana;116 
most LPE incr., one decr.
in Camellia sinensis;117 
both LPE incr. in 
Nicotiana langsdorffii118




LPE (unspecified chain 
length, unsaturation) 
improved water stress 
recovery in Impatiens 
wallerana119
lysophosphatidylinositol 
(LPI), 18:3 (8); 
phospholipid
incr. [our study]; some 
LPI (incl. 18:3) incr., 
others decr. in A. 
thaliana116




involved in stress 
signaling,114 although no 
known reports of LPI
sulfoquinovosylmonoacyl
glycerol (SQMG), 18:3 
(9); sulfolipid
incr. [our study]; small 
incr. in 18:3 SQMG, 
larger decr. in three 
other SQMG in A. 
thaliana116
lipolysis product of 
sulfoquinovosyldiacylgly
cerol (SGDG)113
possibly involved in 
signaling and/or 
byproduct of chloroplast 
membrane breakdown113
digalactosylmonoacylgly
cerol (DGMG), 18:3 (10) 
and 16:0 (11); 
galactolipid
incr. [our study]; 16:0 
and 18:3 DGMG incr. in 
A. thaliana;116 slight decr.
in two 18:2 DGMG in C. 
sinensis117
lipolysis product of 
digalactosyldiacylglycero
l (DGDG)113
possibly involved in 
signaling and/or 
byproduct of chloroplast 
membrane breakdown113
abscisic acid (6); 
norisoprenoid
incr. [our study]; incr. in 
H. lupulus73
product of zeaxanthin 
catabolism;120,121 








incr. [our study] aglycone (vomifoliol) is 
product of carotenoid 
catabolism122,123 
aglycone (vomifoliol) has
stomatal closure effects 
similar to ABA124
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pheophorbide A (12); 
porphyrin
incr. [our study] product of chlorophyll 
degradation,125 which is 
known to occur under 
drought stress126,127
signal for chlorophyll 
stress status, controls 
chlorophyll degradation 
rate, interacts with 
jasmonic acid 
signalling128
glutaric acid (2); organic 
acid
incr. [our study]; incr. in 
Boea hygrometrica, 
remained elevated even 
after rewatering;34 incr. in
Sesamum indicum;129 
decr. in Portulaca 
oleracea, not detected 
after rewatering130
possible intermediate in 
conversion of L-lysine to 
acetyl-CoA, 2-
hydroxyglutarate, and 2-
oxoglutarate, which are 
involved in TCA cycle 
and nitrogen 
assimilation131
as an organic acid, 
possibly involved in 




decr. [our study]; decr. in
C. Sinensis;117 incr. in 
juvenile Pinus pinaster 
(1/4 genotypes), no 






myricetin,133,134 all of 
which are reported in 
hops135,136
a “incr.” and “decr.” denote an increase and decrease, respectively, in concentration. All data are for leaf
tissue.
Three other drought stress markers are likely involved in signaling. ABA (6), which increased in response
to drought stress, is a phytohormone with many roles in plant response to abiotic stress, including drought
stress.121 In hops, ABA has been demonstrated to accumulate in leaves during later stages of drought
stress,73 which suggests that our experimental conditions caused advanced drought stress. Korovetska et
al.  point  out  that  because ABA is  produced  in  roots  and  transported  to  leaves,  it  can  take  time  to
accumulate in the leaves.73 The plants in both their study and ours were less than 1 m tall, yet commercial
hop plants can be over 5 m tall. Thus, when using ABA as a drought stress marker in hops, factors such
as plant height and drought severity should be considered. Roseoside (5) also increased in leaves of
drought-stressed hop plants. Roseoside is a glucosylated form of vomifoliol, which, like ABA, is a product
of carotenoid catabolism and induces stomatal closure, a typical response to drought.122,124,137 To the best
of our knowledge, we report the first drought-induced changes in roseoside levels. Pheophorbide A (12)
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also increased in hop leaves in plants under drought stress. Pheophorbide A is a product of chlorophyll
degradation, which is known to occur under severe drought conditions.126,127 Thus it seems plausible that
the observed increase in pheophorbide A, as in the case of ABA, indicates that the plants in our study
were in an advanced state of drought stress. Aubry et al. recently demonstrated that pheophorbide A may
also  regulate  chlorophyll  degradation  rates and jasmonic  acid  signaling,  providing additional  insights
about the role of pheophorbide A in plant response to drought and other abiotic stress.128
The roles of glutaric acid and dihydromyricetin are less clear. Glutaric acid increased in drought-stressed
hop leaves, but to the best of our knowledge, a specific role of glutaric acid in water stress has not been
reported. Nonetheless, as with other small organic acids, it may play a role in osmotic regulation and
reactive oxygen species (ROS) reduction.72 Glutaric acid is also a precursor to metabolites of the TCA
cycle,131 which can be affected by drought.138 Thus, the observed changes in the glutaric acid content
could also be related to changes in the TCA cycle. In contrast to most of the markers, dihydromyricetin
decreased in  leaves of  drought-stressed hop plants,  which  could  indicate  a  depletion  in  the  pool  of
dihydromyricetin  in  favor  of  its  likely  product  myricetin  (Table  5).  Myricetin—a  potent,  free  radical-
scavenging flavonoid found in hops—may confer drought tolerance by mitigating ROS.14,138,139 However,
because myricetin levels were below rLOQ in the present study (data not shown), further work is needed
to confirm if drought increases myricetin levels in hops. To  the best of  our knowledge, this is the first
report  of  dihydromyricetin  in  H.  lupulus,  although  dihydromyricetin  rhamnoside  has  been reported.140
Using  the  same LC–MS method,  we did  not  detect  dihydromyricetin  in hop cone  extracts (data  not
shown),  which suggests that  dihydromyricetin is produced in detectable quantities in  leaves but not in
cones.
These results generally match current knowledge about plant leaf metabolism under drought stress but
are not always consistent with results from other published studies. For example, glycerolipids (e.g. , 7–
11) do not always increase in the leaves of plants experiencing drought stress (Table 5), which could be
due to differences in the drought response among species, in an experimental setup, and/or in the length
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and unsaturation of  the fatty  acids  in  the specific  lipids being  quantified.  Interspecific  differences or
differences  in  the  experimental  design  could  also  explain  inconsistencies  with  glutaric  acid  and
dihydromyricetin  (Table  5).  The  interspecific  differences  could  be  due  to  differences  in  leaf  types—
succulent versus nonsucculent for glutaric acid and needle versus broad for dihydromyricetin—although
more research is needed to confirm this hypothesis.
Our  goal  was  to  determine  the  effects  of  drought  stress  on  hop  metabolism.  PCA suggested  that
differences in the overall chemical composition among the four genotypes—AUR, CAS, SUL, and NEO—
were  greater  than  among  drought  treatment  groups.  Nonetheless,  the  drought  treatments  produced
substantial and qualitative differences in the overall chemical composition of three genotypes: CAS, SUL,
and NEO. Drought  marker  selection yielded 14 compounds that  consistently increased or decreased
across all four genotypes. The markers are biosynthetically diverse, comprising lipids, norisoprenoids, a
porphyrin, a flavonoid, and a small organic acid. They are also functionally diverse, having known or
suspected roles in the signaling, membrane structure, and ROS mitigation. The observed increase in all
monoacylated lipid markers suggests a general increase in lipolytic activity, which is known to occur under
drought stress. In addition, the increase in ABA and pheophorbide A suggests that the plants in this study
were in  more advanced states of  drought  stress.  The findings in  the current  study were not  always
consistent  with  those  of  other  published  drought  studies,  suggesting  that  genetics  and experimental
conditions may play a factor in plants’ metabolic response to drought. Future work should consider these
and other factors, such as the plant size, age, and root structure, when interpreting metabolite changes
under drought stress. In order to determine chemical markers of drought tolerance for hop breeding, we
are planning future experiments to test for drought tolerance across a range of hop genotypes and then
measure their metabolic responses to drought.
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CHAPTER FOUR: WILD HOP LEAF METABOLOMICS
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Abstract
The female flowers (“cones”) of the hop plant (Humulus L.) produce compounds that contribute to the
flavor and other properties of beer. Hop leaves and cones produce many of the same compounds, which
also  confer  agronomic  traits  such  as  insect  and  disease  resistance. Targeted  and  untargeted
ultraperformance liquid chromatography-quadrupole time-of-flight–mass spectrometry with Waters MSE
technology (UPLC-QTof-MSE) metabolomics were used to compare leaf phytochemical compositions of
greenhouse-grown  southwestern  American  wild  Humulus neomexicanus  (A.  Nelson  and Cockerell)
Rydb. against a group of commercial hop cultivars consisting of both pure European Humulus lupulus L.
and  European–North  American  hybrids.  Principal  component  analysis  showed  a  clear  distinction  in
chemical profiles between the two groups.  H. neomexicanus leaves had significantly higher content of
total α acids (p = 4.4 × 10-9), total bitter acids (p = 2.6 × 10-6), cohumulone (p = 1.0 × 10-13), humulone +
adhumulone  (p =  9.1  × 10-4),  and  the  prenylflavonoids  xanthohumol  (p =  0.013)  and
desmethylxanthohumol (p = 0.029) as well as significantly higher densities of glandular trichomes (p = 1.3
× 10-6),  the  biosynthetic  site  of  those  compounds.  Most  flavonol  glycosides  measured  were  also
significantly more abundant in H. neomexicanus (p = 1.5 × 10-22 to 0.0027), whereas phenolic acids were
consistently, but generally nonsignificantly (p > 0.05), more abundant in the cultivars. The higher bitter
43
acid, prenylflavonoid, and flavonol glycoside content of H. neomexicanus leaves may help to confer more
favorable insect and disease-resistance properties.
Introduction
The hop plant (Humulus L.) has a rich ethnobotanical history and has been used for many centuries for
medicine, preservative, food, fodder, and textile fiber.4 Nowadays, hop is best known for its female flowers
(colloquially  “cones”),  which are used as  a flavoring and preservative ingredient  in beer.  While most
domesticated hop cultivars descend from the European and western Asian Humulus lupulus, the genus
Humulus is distributed throughout the temperate northern hemisphere.2,141,142 It is likely that the genotypic
and phenotypic diversity among cultivated hops is small compared to the diversity of wild hops.82,143 Thus,
wild  hops  have a  potential  wealth  of  traits  for  breeding  and  selection  programs  and  have  received
increased attention in the last few decades.143–157
One aspect  of  biological  diversity  is  phytochemical  diversity.  The  significance of  hop  phytochemical
constituents for  brewing,  medicine,  and  agronomic  traits  is  documented.8,9,14,15,158–160 While  many
phytochemical studies on wild hop have focused on the cones, understanding hop leaf phytochemistry is
also important for a few reasons. First, leaf chemistry affects agronomic traits such as disease and pest
resistance.8,158 Second, unlike cones, leaves are available throughout most developmental stages and are
found on both male and female plants. As a result, leaves could be useful for rapid trait assessment if
reliably predictive models using phytochemical markers can be developed for such traits. The broader
availability of leaves also makes them useful for chemotaxonomic studies.93,144,157 Finally, because leaves
produce  many  of  the  same  valuable  compounds  found  in  cones—such  as  bitter  acids,  terpenoids,
phenolics, and prenylflavonoids—hop leaves are a potentially underutilized waste stream that is usually
composted.75,93,144,161
The current study examined differences in leaf phytochemistry and glandular trichome density between a
group of commercial hop cultivars and a group of wild H. neomexicanus (A. Nelson and Cockerell) Rydb.
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genotypes  from  the  American  Southwest.1,2,8 Chemical  differences  were  determined  using
ultraperformance liquid chromatography-quadrupole time-of-flight–mass spectrometry with Waters MSE
technology (UPLC-QTof-MSE) analysis of leaves from each group. All genotypes were grown under the
same greenhouse conditions, largely eliminating environmental variation among plants and thus isolating
the genetic component of phytochemical variation. Both targeted and untargeted approaches were taken.
For the targeted approach, relative quantities of compounds known to affect the agronomic, brewing, and
medicinal  properties  of  hops  were  determined.  In  the  untargeted  study,  chemical  features  that
quantitatively and qualitatively distinguish the two groups were determined, and database matching was
used to identify some of these features. A follow-up, common garden study was performed to determine
the density of leaf glandular trichomes, the site of production of some of the most agronomically important
hop compounds. To our knowledge, this wild hop study is one of the few to measure such a diversity hop
compound classes—including not  only  bitter  acids and prenylflavonoids but  also flavonols,  flavanols,
proanthocyanidins, and phenolic acids—and the only study to characterize all of these compound classes
in H. neomexicanus.144 Along with the work of Feiner et al. on downy mildew resistance and Morcol et al.
on drought stress, this is one of the few untargeted metabolomics studies of hop leaves.26,158 The results
of this study are relevant to research on improving the agronomic and brewing properties of cultivated
hop. They are also relevant to research on crop wild relatives and the taxonomy of Humulus. 
Materials and Methods
Plant  M  aterial,  M  etabolomics  S  tudy  
The experiment consisted of Humulus genotypes from two groups: cultivars of purely European or mixed
European and North American genetic heritage;142,153,162–166  and wild H. neomexicanus from mountainous
areas of Arizona and New Mexico in the American Southwest, which is near the southern end of the
natural distribution of North American Humulus.2,8,167 Additional geographical information for all plants in
the metabolomics study is found in Table 10 of the appendix (p. 95).. All plants were obtained as rhizome
cuttings.  Commercial  cultivars  were  obtained  from  Hopsteiner’s  research  collection.  Wild  H.
neomexicanus were collected from their native habitats in New Mexico and Arizona with permission from
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the United States Department of Agriculture, Forest Service (Region 3 permit numbers RO-258 and RO-
289). Rhizomes were planted in the greenhouse at Lehman College, City University of New York over a
period of almost 2 years from 2016 to 2017. Plants were kept in 14 cm square plastic greenhouse pots in
Metro-Mix 360 potting mix (Sun Gro Horticulture, Agawam, Massachusetts) supplemented with Nutricote
Total 13-13-13 controlled-release fertilizer pellets with micronutrients, type 140 (Arysta LifeScience, King
of Prussia, Pennsylvania, USA). Bines were trained on 90 cm bamboo stakes and periodically trimmed to
maintain uniform size. Plants were periodically fertilized with an aqueous solution of Jack’s classic all-
purpose 20-20-20 fertilizer with micronutrients (JR Peters, Inc., Allentown, Pennsylvania) and magnesium
sulfate (Vi-Jon Laboratories, St. Louis, Missouri) to maintain vigor. The environmental control settings in
the greenhouse were as follows: relative humidity, 70%; day length, 15 h; supplementary lighting, 15 000
lux; daytime temperature, 26 °C; and nighttime temperature, 20 °C.
Leaf  samples  were  taken  from  15  commercial  hop  cultivars/genotypes  and  60  H.  neomexicanus
genotypes. Sample size between the two groups was uneven due to overrepresentation of understudied
H. neomexicanus populations in this living germplasm collection.  Each genotype was sampled once.
Because hops can spread laterally through rhizomes, potential  clonality was determined for the wild-
collected plants based on geographic proximity of collection location as follows: geographic distance was
calculated from latitude–longitude coordinates of all pairs of accessions using the geodist (version 0.0.7)
R package with the geodesic distance calculation; the list of pairwise distances was filtered to exclude
any distances greater than 100 m; the remaining pairs were input as edges in a network analysis using
the R package igraph (version 1.2.6); all accessions within a network component (i.e., group of connected
accessions) were considered potential clones based on geographic proximity.54,90,168 Within each group of
accessions, the sums of pairwise distances were determined for each accession. The accession with the
smallest sum of distances (i.e., geographically most central accession within the group) was chosen to
represent the group, and the rest were excluded.
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Leaf  T  issue  P  rocessing,  S  olvent  E  xtraction, and UPLC-QT  of  -MS  E   A  nalysis  
All leaf samples for UPLC-QTof-MSE analysis were taken over a period of two consecutive days (January
18–19, 2019). Leaves were only sampled from bines or side arms with intact apical buds, and only the
youngest two pairs of fully opened leaves were taken from each bine or side arm. All leaves from a single
plant were bulked into a single sample. For each bulked sample, as many leaves as possible were taken
but only enough to loosely fill a plastic 50 mL centrifuge tube. Upon sampling, leaf tissue was immediately
flash-frozen by immersing the tube in liquid nitrogen for several minutes. Tubes were then stored at −80
°C for approximately  2 weeks until they could be lyophilized. Lyophilized tissues were again stored at
−80 °C for 1 additional week. Next, the dried leaf tissues were pulverized by hand inside the same plastic
tubes using a plastic dowel to crush the tissues to a powder; keeping tubes cold on wet ice facilitated the
pulverization. Dried leaf powders were stored at  −80 °C for 1 month until extraction.
Hop leaf powder samples were extracted and analyzed over a period of 10 days in six separate batches
of  22−38 samples  per  batch,  including  some samples  that  were  not  included  in  the  present  study.
Extraction and analysis were performed as previously reported with the following modifications:  quality
control (QC) sample consisted of one single H. neomexicanus genotype; QC sample injected three times
at the beginning of  each batch to condition the system; QC sample injected every 14−18 injections,
depending on  the  length of batch; 5 µL injection volume; no analysis in ESI+ mode (rather, ESI+ data
from previous hop leaf analyses used to aid compound identification).26 Briefly, 50 mg of leaf powder was
extracted with  80% aqueous methanol  and sonication and then centrifuged and filtered for  analysis.
Reversed-phase chromatographic separation was performed on a Waters ACQUITY UPLC equipped with
a Waters ACQUITY BEH C18 column (2.1 mm × 100 mm, 1.7 µm) and VanGuard precolumn (2.1 mm × 5
mm, 1.7 µm) (Waters Corporation, Milford, Massachusetts) using water and acetonitrile mobile phases
acidified with formic acid. Detection was performed with a Waters Xevo G2 QTof mass spectrometer.
Each non-QC sample was injected three times. The same UPLC-MS conditions were used to analyze the
following pure reference standards in both ESI– and ESI+ modes: 8-prenylnaringenin, isoxanthohumol,
and  co-multifidol  glucoside  provided  by  Hopsteiner  (Yakima,  Washington);  quercetin,  quercetin-3-O-
47
galactoside,  quercetin-3-O-glucoside,  and  3-caffeoylquinic  acid  from  Cayman  Chemical  (Ann  Arbor,
Michigan); kaempferol, myricetin, kaempferol-3-O-glucoside, quercetin-3-O-rutinoside, epicatechin, and o-
coumaric  acid  from MilliporeSigma (St.  Louis,  Missouri);  ferulic  acid  from Shanghai  Nature Standard
Biotech Co., Ltd. (Shanghai, China); kaempferol-3-O-rutinoside and p-coumaric acid from Extrasynthese
(Genay, France); and catechin, which was previously isolated and purified in the Kennelly lab.
Metabolomics  D  ata  P  rocessing and  A  nalysis  
Raw  data  for  all  extracts  were  processed  using  Progenesis  QI,  version  3.0  (Nonlinear  Dynamics,
Newcastle upon Tyne, United Kingdom) with automatic/default settings except as follows: resolution 25
000 fill width at half-minimum (FWHM); adducts M −  H, M −  H2O − H, M + FA − H, 2M −  H, 3M − H;
retention time limits 0.35−10.3 min. A table of raw peak area values was exported. For each feature, the
proportion of samples above the limit  of detection (LOD) was calculated for each group, commercial
cultivars and southwestern American H. neomexicanus, by dividing the number of nonmissing values by
the total number of values. The frequency distributions of features by proportion above LOD per feature
are provided in  Figure 21 of the appendix (p.  108). The peak table was then processed in R (version
4.0.5)  with  the BatchCorrMetabolomics package (version 0.1.14)  developed by Wehrens et  al.54,169,170
BatchCorrMetabolomics normalizes fluctuations in signal intensity that occur both within and between
analytical  batches.  Prior to batch correction, missing values were replaced with one-half  of  the LOD,
which was defined separately for each feature as the lowest nonmissing value for that feature. The QC
samples were used as reference samples. The batch correction parameters correspond to method “Q1”
as defined by Wehrens et al.169 For some features, batch correction resulted in negative peak area values
for some samples. For such features, to avoid complications with downstream statistical analyses, the
lowest value was subtracted from all peak area values, thus adjusting the lowest value to zero. All peak
areas are normalized to leaf tissue dry weight.
Then, peak areas were averaged across three injection replicates to obtain a single value of each feature
from each sample (i.e., biological replicate). These mean values were used for all subsequent analyses.
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Principal component analysis (PCA) was performed in R using mean-scaled and zero-centered data; fold
differences and  p-values between means of sample groups were also calculated in R.54 Welch’s  t-test
was  used  to  calculate  these  p-values,  and  the  Holm  method  was  used  to  correct  for  multiple
comparisons.171,172 The Holm correction was performed for the untargeted analysis using the entire set of
6014 features, for the targeted analysis using a subset of 36 features, and for the six aggregated bitter
acid calculations shown in  Figure 9.  Statistical  significance was defined as  p < 0.05.  Some targeted
feature  identifications  were  confirmed  by  comparing  mass  spectra  and  retention  times  with  the
aforementioned reference standards. Tentative identification of untargeted compounds was performed
using Progenesis QI, employing both the PlantCyc  (PC)  database via ChemSpider and a custom, in-
house database via MetaScope.173 The in-house database was compiled from a SciFinder (Chemical
Abstracts Service, Columbus, Ohio) search of compounds reported from hops in LC-MS studies and was
augmented with additional compounds from the literature.
Leaf  G  land  C  ounting  
As a follow-up  study,  leaf  glandular  trichome density  was determined  for  hop  plants  that  had  been
transplanted from the greenhouse to a common garden. Plants were transplanted in June 2018 and April
2019  to  a  hop  field  near  Yuba City,  California,  and sampled  September  2019.  This  follow-up gland
counting study  was not performed  in the greenhouse  like the  metabolomics study was because  most
genotypes had already been transplanted to the field. For each plant, a single leaf was sampled at breast
height, and four circular discs were cut from the leaf using a 6.0 mm diameter biopsy punch (part# WPI
504533; World Precision Instruments, Sarasota, Florida). Discs were sampled twice along the midrib—
once near the apex, once half-way between base and apex—and twice near the margins at the widest
point of the leaf. Glands were manually counted from high-resolution images of the discs (Figure 8c). For
each sample, gland density was calculated by dividing the total gland count of four discs by 113 mm 2
(total area of four discs). As described for the metabolomics study, potential clones were removed from
the gland counting data set based on geographic proximity. A list of  genotypes included in this gland
density study is given in Table 11 of the appendix (p. 97).
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Results and Discussion
Targeted  M  etabolomic  A  nalysis of  H  op   C  ompounds:  O  verview  
To assess quality attributes of  leaves from the two sample groups—commercial  hop cultivars and  H.
neomexicanus  from  the  American  Southwest—relative  quantification  was  performed  for  compounds
related to  the  agronomic,  brewing,  and/or  medicinal  properties  of  hops.  The  measured  compounds
include  bitter  acids,  prenylflavonoids,  flavonols,  flavanols,  proanthocyanidins,  chlorogenic  acids,  and
hydroxycinnamic acids. Mass spectral and chromatographic data and literature references supporting the
identification of these compounds  are provided in  Table 6.174–199 Of the 36 compounds  measured,  16
differed  significantly  between  the  two  groups,  with  15 higher  in  the  southwestern  American  H.
neomexicanus and  1 higher in  the commercial cultivars (Table 7).  A trend of relatively higher overall
metabolite  levels  in  leaves  of  southwestern  American  H.  neomexicanus was also  observed  in  the
untargeted metabolomics study (see section “Untargeted Analysis of Hop Leaf Compounds”, p. 66).
Table 6. Mass Spectral and Chromatographic Data Supporting the Identification of Hop Compounds from 
the Targeted Metabolomics Analysis
tentative ID / cpd. class / MF / 
RT-EM







LCE  −  : 347.1856 [M − H]− (C20H27O5, −0.6)
HCE  −  : 301.1438 [M − H − C2H6O]− (C18H21O4, −0.7); 
235.0601 [M − H − C8H16]− (C12H11O5, −2.1)
LCE  +  : 349.2024 [M + H]+ (C20H29O5, 2.6); 293.1400 [M + H
− C4H8]+ (C16H21O5, 3.8); 281.1399 [M + H − C5H8]+ 
(C15H21O5, 3.6); 277.1449 [M + H − C4H8O]+ (C16H21O4, 
3.2); 223.0974 [M + H − C8H14O]+ (C12H15O4, 1.8); 
167.0354 [M + H − C12H22O]+ (C8H7O4, 6.0)
175





LCE  −  : 361.2010 [M − H]− (C21H29O5, −1.4)
HCE  −  : 292.1306 [M − H − C5H9]− (C16H20O5, −1.7); 
249.0757 [M − H − C8H16]− (C13H13O5, −2.4)
LCE  +  : 363.2167 [M + H]+ (C21H31O5, −1.1); 307.1545 [M + 
H − C4H8]+ (C17H23O5, 0.0); 239.0921 [M + H − C9H16]+ 








LCE  −  : 399.2530 [M − H]− (C25H35O4, −1.3)
HCE  −  : 355.2637 [M − H − CO2]− (C24H35O2, 0.0); 330.1824
[M − H − C5H9]− (C20H26O4, −2.1); 287.1279 [M − H − 
C8H16]− (C17H19O4, −1.4); 262.1204 [M − H − C10H17]− 
(C15H18O4, −0.4); 219.0649 [M − H − C13H26]− (C12H11O4, 
−3.7); 194.0579 [M − H − C15H25]− (C10H10O4, 2.1)
LCE  +  : 401.2701 [M + H]+ (C25H37O4, 2.2); 345.2070 [M + H
− C4H8]+ (C21H29O4, 1.2); 333.2073 [M + H − C5H8]+ 
(C20H29O4, 2.1); 277.1450 [M + H − C9H16]+ (C16H21O4, 3.6); 
275.1648 [M + H − C8H14O]+ (C17H23O3, 0.4); 221.0816 [M 
+ H − C13H24]+ (C12H13O4, 0.9); 219.1024 [M + H − 
C12H22O4]+ (C13H15O3, 1.4)
HCE  +  : 163.0394 [M + H − C16H30O]+ (C9H7O3, −0.6)
175




LCE  −  : 413.2688 [M − H]− (C26H37O4, −1.0)
HCE  −  : 369.2799 [M − H −CO2]− (C25H37O2, 1.4); 344.1983 
[M − H − C5H9]− (C21H28O4, −1.5); 301.1434 [M − H − 
C8H16]− (C18H21O4, −2.0); 233.0806 [M − H − C13H24]− 
(C13H13O4, −3.4); 208.0728 [M − H − C15H25]− (C11H12O4, 
−3.8)
LCE  +  : 415.2819 [M + H]+ (C26H39O4, −7.0); 359.2219 [M + 
H − C4H8]+ (C22H31O4, −0.8); 347.2222 [M + H − C5H8]+ 
(C21H31O4, 0.0); 291.1596 [M + H − C9H16]+ (C17H23O4, 0.0); 
275.1646 [M + H − C9H16O]+ (C17H23O3, −0.4); 235.0971 [M
+ H − C13H24]+ (C13H15O4, 0.4); 219.1018 [M + H − C13H24O]
+ (C13H15O3, −1.4)






LCE  −  : 339.1236 [M − H]− (C20H19O5, 1.2)
HCE  −  : 219.0659 [M − H − C8H8O]− (C12H11O4, 0.9); 
133.0656 [M − H − C11H10O4]− (C9H9O, 2.3); 119.0500 [M − 
H − C12H12O4]− (C8H7O, 2.5)
LCE  +  : 341.1383 [M + H]+ (C20H21O5, −1.8); 285.0758 [M + 
H − C4H8]+ (C16H13O5, −1.8); 165.0186 [M + H − C12H16O]+ 
(C8H5O4, −1.2)
HCE  +  : 137.0238 [M + H − C13H16O2]+ (C7H5O3, −0.7); 






LCE  −  : 353.1392 [M − H]− (C21H21O5, 0.8)
HCE  −  : 233.0815 [M − H − C8H8O]− (C13H13O4, 0.4); 
119.0496 [M − H − C13H14O4]− (C8H7O, −0.8)
LCE  +  : 355.1542 [M + H]+ (C21H23O5, −0.8); 299.0917 [M + 
H − C4H8]+ (C17H15O5, −0.7); 235.0975 [M + H − C8H8O]+ 







LCE  −  : 339.1241 [M − H]− (C20H19O5, 2.7)
HCE  −  : 219.0648 [M − H − C8H8O]− (C12H11O4, −4.1)






LCE  −  : 339.1227 [M − H]− (C20H19O5, −1.5)
LCE  +  : 341.1375 [M + H]+ (C20H21O5, −4.1); 285.0769 [M + 







LCE  −  : 353.1407 [M − H]− (C21H21O5, 5.1)
LCE  +  : 355.1566 [M + H]+ (C21H23O5, 5.9); 299.0896 [M + H
− C4H8]+ (C17H15O5, −7.7)






LCE  −  : 715.2449 [2M − H]− (C32H43O18, 0.0); 403.1241 [M + 
COOH]− (C17H23O11, 0.2); 357.1191 [M − H]− (C16H21O9, 1.4)
HCE  −  : 237.0758 [M − H − C4H8O4]− (C12H13O5, −2.1); 
219.0665 [M − H − C4H10O5]− (C12H11O4, 3.7); 195.0661 [M 
− H − C6H10O5]− (C10H11O4, 2.1); 125.0244 [M − H − 
C10H16O6]− (C6H5O3, 4.0); 111.0444 [M − H − C10H14O7]− 
(C6H7O2, −1.8)
LCE  +  : 717.2579 [2M + H]+ (C32H45O18, −3.8); 381.1157 [M 
+ Na]+ (C16H22O9Na, −1.3); 197.0811 [M + H − C6H10O5]+ 
(C10H13O4, −1.5); 179.0704 [M + H − C6H12O6]+ (C10H11O3, 
−2.2); 161.0605 [M + H − C6H14O7]+ (C10H9O2, 1.2); 
151.0756 [M + H − C7H12O7]+ (C9H11O2, −2.0); 113.0604 [M 







LCE  −  : 271.0599 [M − H]− (C15H11O5, −2.6)
HCE  −  : 151.0033 [M − H − C8H8O]− (C7H3O4, 1.3); 
119.0494 [M − H − C7H4O4]− (C8H7O, −2.5)






LCE  −  : 285.0392 [M − H]− (C15H9O6, −2.5)
LCE  +  : 229.0490 [M − H − C2O2]− (C13H9O4, −4.8); 
211.0406 [M − H − C2H2O3]− (C13H7O3, 5.2); 117.0342 [M − 
H − C7H4O5]− (C8H5O, 1.7)






LCE  −  : 317.0307 [M − H]− (C15H9O8, 3.2); 315.0150 [M − H 
− H2]− (C15H7O8, 2.9)






LCE  −  : 301.0342 [M − H]− (C15H9O7, −2.0)
HCE  −  : 271.0237 [M − H − CH2O]− (C14H7O6, −2.2); 
178.9977 [M − H − C7H6O2]− (C8H3O5, −1.7); 151.0035 [M 
− H − C8H6O3]− (C7H3O4, 2.6); 107.0129 [M − H − C9H6O5]− 
(C6H3O2, −3.7)






LCE  −  : 593.1511 [M − H]− (C27H29O15, 0.8)
HCE  −  : 285.0392 [M − H − C12H20O9]− (C15H9O6, −2.5)
LCE  +  : 617.1494 [M + Na]+ (C27H30O15Na, 1.9); 595.1680 
[M + H]+ (C27H31O15, 2.9); 449.1083 [M + H − C6H10O4]+ 
(C27H31O15, −0.2); 287.0558 [M + H − C12H20O9]+ (C15H11O6, 
0.7)
HCE  +  : 258.0538 [M + H − C13H21O10]* (C14H10O5, 3.9); 
213.0560 [M + H − C14H22O12]+ (C13H9O3, 3.8); 185.0594 [M
+ H − C15H22O13]+ (C12H9O2, −4.9); 157.0653 [M + H − 
C16H22O14]+ (C11H9O, 0.0); 153.0189 [M + H − C20H26O11]+ 
(C7H5O4, 0.7); 121.0287 [M + H − C20H26O13]+ (C7H5O2, 







LCE  −  : 447.0926 [M − H]− (C21H19O11, −0.2)
LCE  +  : 471.0894 [M + Na]+ (C21H20O11Na, −1.9); 287.0551 
[M − H − C12H20O9]+ (C15H11O6, −1.7)
HCE  +  : 258.0511 [M + H − C13H21O10]* (C14H10O5, −5.0); 
231.0652 [M + H − C14H20O11]+ (C13H11O4, −2.2); 213.0544 
[M + H − C14H22O12]+ (C13H9O3, −3.8); 165.0186 [M + H − 
C19H26O11]+ (C8H5O4, −1.2); 157.0650 [M + H − C16H22O14]+ 
(C11H9O, −1.9); 153.0188 [M + H − C20H26O11]+ (C7H5O4, 






LCE  −  : 895.1935 [2M − H]− (C42H39O22, 0.2); 447.0919 [M − 
H]− (C21H19O11, −1.8); 285.0413 [M − H − C6H10O5]− 
(C15H9O6, 4.9)
HCE  −  : 284.0313 [M − H − C6H11O5]* (C15H8O6, −2.8); 
255.0287 [M − H − C7H12O6]− (C14H7O5, −2.4); 227.0338 [M
− H − C2H2O2]− (C13H7O4, −2.6)
LCE  +  : 471.0904 [M + Na]+ (C21H20O11Na, 1.7); 449.1095 
[M + H]+ (C21H21O11, 2.4); 287.0558 [M + H − C6H10O5]+ 
(C15H11O6, 0.7)
HCE  +  : 258.0522 [M + H − C7H11O6]* (C14H10O5, −2.3); 
241.0492 [M + H − C7H12O7]+ (C14H9O4, −3.7); 165.0183 [M
+ H − C13H16O7]+ (C8H5O4, −3.0); 153.0194 [M + H − 







LCE  −  : 959.1775 [2M − H]− (C42H39O26, 4.7); 479.0828 [M − 
H]− (C21H19O13, 0.4)





LCE  −  : 959.1749 [2M − H]− (C42H39O26, 2.0); 479.0828 [M − 
H]− (C21H19O13, 0.4)
HCE  −  : 316.0223 [M − H − C6H10O5 − H]* (C15H8O8, 1.3); 
287.0180 [M − H − C7H12O6]− (C14H7O7, −4.2); 271.0241 [M
− H − C7H12O7]− (C14H7O6, −0.7); 178.9989 [M − H − 
C6H10O5 − C7H6O3]− (C8H3O5, 5.0); 151.0033 [M − H − 
C14H16O9]− (C7H3O4, 1.3)
LCE  +  : 503.0824 [M + Na]+ (C21H20O13Na, 4.4); 319.0457 
[M + H − C6H10O5]+ (C15H11O8, 0.9)
HCE  +  : 273.0396 [M + H − C7H12O7]+ (C14H9O6, −1.1); 






LCE  −  : 1219.2993 [2M − H]− (C54H59O32, 0.3); 609.1464 [M 
− H]− (C27H29O16, 1.3)
HCE  −  : 609.1456 [M − H]− (C27H29O16, 0.0); 300.0270 [M − 
H − C12H21O9]* (C15H8O7, 0.0); 255.0294 [M − H − 
C13H22O11]− (C14H7O5, 0.4); 178.9979 [M − H − C19H26O11]− 
(C8H3O5, −0.6); 151.0040 [M − H − C20H26O12]− (C7H3O4, 
6.0)
LCE  +  : 633.1447 [M + Na]+ (C27H30O16Na, 2.4); 611.1627 
[M + H]+ (C27H31O16, 2.5); 465.1041 [M + H − C6H10O4]+ 







LCE  −  : 927.1814 [2M − H]− (C42H39O24, −1.8); 463.0876 [M 
− H]− (C21H19O12, −0.2)
HCE  −  : 300.0266 [M − H − C6H11O5]* (C15H8O7, −1.3); 
255.0301 [M − H  − C7H12O7]− (C14H7O5, 3.1); 178.9990 [M 
− H − C13H16O7]− (C8H3O5, 5.6); 151.0033 [M − H − 
C14H16O8]− (C7H3O4, 1.3)
LCE  +  : 487.0854 [M + Na]+ (C21H20O12Na, 0.4); 465.1042 
[M + H]+ (C21H21O12, 1.9); 303.0503 [M + H − C6H10O5]+ 
(C15H11O7, −0.7)






LCE  −  : 927.1808 [2M − H]− (C42H39O24, −2.5); 463.0873 [M 
− H]− (C21H19O12, −0.9)
HCE  −  : 300.0263 [M − H − C6H11O5]* (C15H8O7, −2.3); 
255.0285 [M − H  − C7H12O7]− (C14H7O5, −3.1); 178.9973 
[M − H − C13H16O7]− (C8H3O5, −3.9); 151.0033 [M − H − 
C14H16O8]− (C7H3O4, 1.3)
LCE  +  : 487.0849 [M + Na]+ (C21H20O12Na, −0.6); 465.1045 
[M + H]+ (C21H21O12, 2.6); 303.0500 [M + H − C6H10O5]+ 
(C15H11O7, −1.6)







LCE  −  : 1219.2975 [2M − H]− (C54H59O32, −1.1); 609.1455 [M
− H]− (C27H29O16, −0.2)
HCE  −  : 609.1452 [M − H]− (C27H29O16, −0.7); 300.0272 [M −
H − C12H21O9]* (C15H8O7, 0.7); 255.0293 [M − H − 
C13H22O11]− (C14H7O5, 0.0); 178.9982 [M − H − C19H26O11]− 
(C8H3O5, 1.1); 151.0035 [M − H − C20H26O12]− (C7H3O4, 2.6)
LCE  +  : 1221.3164 [2M + H]+ (C54H61O32, 1.5); 633.1436 [M 
+ Na]+ (C27H30O16Na, 0.6); 611.1624 [M + H]+ (C27H31O16, 
2.0); 465.1041 [M + H − C6H10O4]+ (C21H21O12, 1.7); 
303.0508 [M + H − C12H20O9]+ (C15H11O7, 1.0); 257.0452 [M








LCE  −  : 577.1346 [M − H]− (C30H25O12, −0.9)
HCE  −  : 451.1030 [M − H − C6H6O3]− (C24H19O9, 0.2); 
289.0719 [M − H − C15H12O6]− (C15H13O6, 2.4)
LCE  +  : 601.1324 [M + Na]+ (C30H26O12Na, 0.3); 579.1483 
[M + H]+ (C30H27O12, −3.5); 427.1040 [M + H − C8H8O3]+ 
(C22H19O9, 2.6); 409.0941 [M + H − C8H10O4]+ (C22H17O8, 






LCE  −  : 577.1355 [M − H]− (C30H25O12, 1.6)
HCE  −  : 451.1027 [M − H − C6H6O3]− (C24H19O9, −0.4); 
425.0891 [M − H − C8H8O3]− (C22H17O9, 4.2); 407.0775 [M 
− H − C8H10O4]− (C22H15O8, 2.0); 289.0714 [M − H − 
C15H12O6]− (C15H13O6, 0.7)
LCE  +  : 579.1521 [M + H]+ (C30H27O12, 3.1); 490.0930 [M + 
H − C8H10O4]+ (C22H17O8, 1.7); 289.0725 [M + H − 
C15H14O6]+ (C15H12O6, 4.5)







LCE  −  : 577.1350 [M − H]− (C30H25O12, 0.7); 425.0853 [M − 
H − C8H8O3]− (C22H17O9, −4.7)
HCE  −  : 289.0702 [M − H − C15H12O6]− (C15H13O6, −3.5)






LCE  −  : 577.1355 [M − H]− (C30H25O12, 1.6); 427.0865 [M − 
H − C8H8O3]− (C22H17O9, 4.2)
HCE  −  : 407.0749 [M − H − C8H10O4]− (C22H15O8, 2.0); 
289.0709 [M − H − C15H12O6]− (C15H13O6, −1.0)
LCE  +  : 579.1513 [M + H]+ (C30H27O12, 1.7)
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LCE  −  : 577.1328 [M − H]− (C30H25O12, −3.1)
HCE  −  : 451.1015 [M − H − C6H6O3]− (C24H19O9, −3.1); 
425.0880 [M − H − C8H8O3]− (C22H17O9, 1.6); 407.0767 [M 
− H − C8H10O4]− (C22H15O8, 0.0); 289.0705 [M − H − 
C15H12O6]− (C15H13O6, −2.4)
LCE  +  : 579.1509 [M + H]+ (C30H27O12, 1.0); 427.1023 [M + 







LCE  −  : 289.0715 [M − H]− (C15H13O6, 1.0)
HCE  −  : 245.0816 [M − H − CO2]− (C14H13O4, 0.8); 205.0501
[M − H − C4H4O2]− (C11H9O4, 0.0); 179.0343 [M − H − 
C6H6O2]− (C9H7O4, −0.6)
LCE  +  : 291.0861 [M + H]+ (C15H15O6, −2.7); 165.0549 [M + 
H − C6H6O3]+ (C9H9O3, −1.8); 151.0391 [M + H − C7H8O3]+ 
(C8H7O3, −2.6); 139.0391 [M + H − C8H8O3]+ (C7H7O3, 






LCE  −  : 289.0712 [M − H]− (C15H13O6, −0.3)
HCE  −  : 245.0818 [M − H − CO2]− (C14H13O4, 1.6); 205.0499
[M − H − C4H4O2]− (C11H9O4, −1.0); 179.0344 [M − H − 
C6H6O2]− (C9H7O4, 0.0)
LCE  +  : 291.0873 [M + H]+ (C15H15O6, 1.4); 165.0551 [M + H
− C6H6O3]+ (C9H9O3, −0.6); 151.0384 [M + H − C7H8O3]+ 
(C8H7O3, −7.3); 139.0397 [M + H − C8H8O3]+ (C7H7O3, 1.4);






LCE  −  : 353.0870 [M − H]− (C17H17O9, −0.8); 351.0717 [M − 
H − H2]− (C16H15O9, 0.3)
HCE  −  : 191.0556 [M − H − C9H8O3]− (C7H11O6, 0.0)
LCE  +  : 353.1034 [M + H]+ (C16H19O9, 1.4); 163.0394 [M + H






LCE  −  : 707.1848 [2M − H]− (C32H35O18, 3.5); 353.0880 [M − 
H]− (C16H17O9, 0.3); 351.0717 [M − H − H2]− (C16H15O9, 0.3)
HCE  −  : 191.0564 [M − H − C9H6O3]− (C7H11O6, 4.2); 
173.0453 [M − H − C9H8O4]− (C7H9O5, 1.7)
LCE  +  : 377.0828 [M + Na]+ (C16H18O9Na, −5.6); 355.1030 








LCE  −  : 707.1810 [2M − H]− (C32H35O18, −1.8); 353.0875 [M 
− H]− (C16H17O9, 0.6); 351.0720 [M − H − H2]− (C16H15O9, 
1.1)
HCE  −  : 191.0555 [M − H − C9H8O3]− (C7H11O6, −0.5); 
173.0458 [M − H − C9H8O4]− (C7H9O5, 4.6); 133.0291 [M − 
H − C8H12O7]− (C8H5O2, 0.8)
LCE  +  : 377.0852 [M + Na]+ (C16H18O9Na, 0.8); 355.1025 [M
+ H]+ (C16H19O9, −1.1); 163.0393 [M + H − C7H12O6]+ 
(C9H7O3, −1.2)






LCE  −  : 193.0506 [M − H]− (C10H9O4, 2.6)






LCE  −  : 163.0391 [M − H]− (C9H7O3, −2.5)
HCE  −  : 119.0490 [M − H − CO2]− (C8H7O, −5.9)






LCE  −  : 163.0389 [M − H]− (C9H7O3, −3.7)
HCE  −  : 119.0491 [M − H − CO2]− (C8H7O, −5.0)
LCE  +  : 147.0454 [M + H − H2O]+ (C9H7O2, 5.4)
rs
a Numbers correspond to literature references and “rs” corresponds to a pure reference standard of the
same compound. Abbreviations: “MF,” molecular formula; “RT-EM,” retention time–exact mass pair used
for relative quantification (corresponds to compound name in Progenesis  QI);  “LCE−/+,” low collision
energy with negative/positive ionization; “HCE−/+,” high collision energy with negative/positive ionization.
“*” indicates a radical ion.
Table 7. Comparisons of Hop Leaf Compound Relative Quantities Between Hop Cultivars and 
Southwestern American H. neomexicanus, All Grown in Greenhouse






bitter acid, α cohumulone *1 × 10-13 **4.5 (wild) 1.00 ; 1.00
bitter acid, α humulone + adhumulone *0.00091 **2.0 (wild) 1.00 ; 1.00
bitter acid, β colupulone *0.045 1.3 (wild) 1.00 ; 1.00
bitter acid, β lupulone + adlupulone 1 1.1 (wild) 1.00 ; 1.00
prenylflavonoid 6-prenylnaringenin 1 1.2 (wild) 1.00 ; 0.99
prenylflavonoid 8-prenylnaringenin 1 1.3 (wild) 0.73 ; 0.92
prenylflavonoid desmethylxanthohumol *0.029 1.8 (wild) 1.00 ; 1.00
prenylflavonoid isoxanthohumol 1 1.2 (wild) 0.60 ; 0.86
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prenylflavonoid xanthohumol *0.013 1.9 (wild) 1.00 ; 1.00
phloroglucinol glycoside co-multifidol glucoside 1 1.4 (wild) 1.00 ; 1.00
flavanone -or- chalcone naringenin -or- chalconaringenin *0.0027 1.6 (wild) 0.73 ; 0.98
flavonol kaempferol 0.21 **2.0 (wild) 0.73 ; 0.89
flavonol myricetin 0.21 **4.1 (wild) 0.07 ; 0.21
flavonol quercetin *0.015 **2.3 (wild) 0.76 ; 0.98
flavonol glycoside kaempferol-3-O-rutinoside 0.27 1.7 (wild) 1.00 ; 1.00
flavonol glycoside kaempferol-3-O-galactoside *0.00097 **2.5 (wild) 0.22 ; 0.98
flavonol glycoside kaempferol-3-O-glucoside *0.0019 **2.0 (wild) 1.00 ; 1.00
flavonol glycoside myricetin-3-O-galactoside *0.00036 **2.0 (wild) 0.09 ; 0.96
flavonol glycoside myricetin-3-O-glucoside *3 × 10-07 **3.9 (wild) 0.73 ; 0.98
flavonol glycoside quercetin di-glycoside *1.5 × 10-22 **3.1 (wild) 0.60 ; 1.00
flavonol glycoside quercetin-3-O-galactoside *8.1 × 10-06 **2.6 (wild) 0.36 ; 0.99
flavonol glycoside quercetin-3-O-glucoside *0.0013 **2.5 (wild) 1.00 ; 1.00
flavonol glycoside quercetin-3-O-rutinoside *0.0027 **2.3 (wild) 1.00 ; 1.00
flavanol catechin 0.92 1.2 (wild) 1.00 ; 0.98
flavanol epicatechin 1 1.1 (wild) 1.00 ; 1.00
proanthocyanidin B-type procyanidin dimer 1 1.2 (cult.) 0.89 ; 0.96
proanthocyanidin B-type procyanidin dimer 1 1.2 (wild) 0.93 ; 0.97
proanthocyanidin B-type procyanidin dimer 1 1.1 (wild) 0.80 ; 0.96
proanthocyanidin B-type procyanidin dimer 1 1.0 (wild) 0.49 ; 0.67
proanthocyanidin B-type procyanidin dimer × 2 
(coeluting)
1 1.2 (wild) 0.91 ; 0.98
chlorogenic acid 3-caffeoylquinic acid 0.92 1.7 (cult.) 1.00 ; 1.00
chlorogenic acid 4-caffeoylquinic acid *0.026 **2.4 (cult.) 1.00 ; 1.00
chlorogenic acid 5-caffeoylquinic acid 0.21 1.7 (cult.) 1.00 ; 1.00
hydroxycinnamic acid ferulic acid 1 1.6 (cult.) 0.80 ; 0.69
hydroxycinnamic acid o-coumaric acid 0.21 **3.9 (cult.) 0.91 ; 0.49
hydroxycinnamic acid p-coumaric acid 1 1.4 (cult.) 1.00 ; 0.99
a p-Value based on Welch’s  t-test  (cultivars vs southwestern American  H. neomexicanus)  with  Holm
correction  for  36  comparisons;  “*”  indicates  p <  0.05.  b Fold-difference  of  means  (cultivars  vs.
southwestern American H. neomexicanus); “**” indicates fold-difference greater than 2.0; sample group
with larger mean peak area given in parentheses. c For each sample group, the proportion of samples in
which the compound was above LOD. All quantities are in terms of peak areas normalized to dry weight
of  leaf  tissue.  Abbreviations:  “LOD,”  limit  of  detection;  “wild,”  wild  southwestern  American  H.
neomexicanus sample group; “cult.,” commercial cultivar sample group.
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Targeted  A  nalysis:  L  eaf  G  landular  T  richome  C  onstituents  
Hops are unique as a brewing ingredient due to their specialized metabolites. The most notable of these
metabolites  are  bitter  acids  (prenylated  phloroglucinol  derivatives)  and  prenylflavonoids  (prenylated
flavonoids  and  chalcones).  Bitter  acids  and  prenylflavonoids  are  produced exclusively  in  specialized
peltate glandular trichomes, which are found in relative abundance on hop cones but are also found on
the abaxial side of leaves (Figure 8b,c).7,93 All bitter acids and prenylflavonoids in  the targeted analysis
were  on  average  more  abundant  in  southwestern  American  H.  neomexicanus leaves  relative  to
commercial hop cultivar leaves (Table 7 and Figure 9a−c). The same was true for co-multifidol glucoside,
the aglycone of which is a precursor in bitter acid biosynthesis (Table 7).135 However, only the differences
in  total  α acids,  total  β acids,  total  bitter  acids,  cohumulone,  humulone  +  adhumulone,  colupulone,
xanthohumol, and desmethylxanthohumol were statistically significant.
Leaf gland density likely contributes to the observed differences in bitter acid content. A preliminary study
suggested that  wild  southwestern American  H. neomexicanus leaves have substantially  higher gland
density relative to hop cultivars (Figure 8a), which agrees with the findings of Small.2 The wild group had
an average of 7.0 glands/mm2, close to Small’s average of 7.5 glands/mm2 for H. neomexicanus, which
was the highest of all  Humulus taxonomic groups in that study.2 The cultivar group—of mostly mixed
European and North  American  heritage—had an average  of  2.9  glands/mm2,  which  lies  in  between
Small’s  averages for Eurasian and North American  Humulus.2 Given the likely role of hop leaf gland
contents at deterring insect herbivores and the apparent heritability of gland density, breeders may want
to consider H. neomexicanus for natural, antifeedant traits.8,9,159,160
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Figure 8. Humulus leaf anatomy and phytochemistry.
(a) Boxplot of leaf gland densities for each sample group; fold-difference is of means;  p-value is from
Welch’s t-test; list of genotypes included in this study is provided in Table 11 of the appendix (p. 97). (b)
Hop  leaf  compounds  representing  agronomically  important  compound  classes,  organized  by  site  of
production within the leaf;7,13,200 compound classes are given in curly brackets. (c) Range of variation in
densities  of  peltate  glandular  trichomes (yellow dots)  on  hop  leaves; sample  group  denoted  by  “C”
(commercial hop cultivars) or “W” (wild H. neomexicanus from American Southwest); each leaf disc is 6
mm in diameter; photo credits Konrad Wysocki.
59
In  beer,  bitter  acids  are  the  main  bittering  agent  and  also  contribute  to  foam stability  and  bacterial
inhibition.201 α acids,  a  subgroup  of  bitter  acids,  are  economically  the  most  important  group of  hop
compounds. The α acids humulone + adhumulone (H + AdH) and cohumulone (CoH) were, respectively,
2.0-  and  4.5-fold  higher  in  leaf  extracts  of  southwestern American H.  neomexicanus relative  to  the
commercial hop cultivars (Table 7), resulting in a significantly higher total α acid content and CoH% in the
H. neomexicanus leaves (Figure 9a,e). 
Figure 9. Leaf bitter acid trends between commercial hop cultivars and wild H. neomexicanus from the 
American Southwest.
(a) Total content of major  α acids (i.e., humulone, adhumulone, and cohumulone). (b) Total content of
major  β acids (i.e., lupulone, adlupulone, and colupulone). (c) Total content of bitter acid (i.e., sum of
major α and β acids). (d) Ratio of major α-to-β acids. (e) Cohumulone content as a percentage of major α
acids. (f) Colupulone content as a percentage of major β acids. All quantities are in terms of peak areas
per dry weight of leaf tissue. Fold differences are of means. p-Values are calculated from Welch’s t-test
and adjusted with Holm correction.
While it is unclear the extent to which leaf and cone bitter acid contents correspond with each other, the
higher CoH% observed in  H. neomexicanus leaves does parallel  others’  findings of higher CoH% in
cones of native North American hops relative to Eurasian hops. For example, Patzak et al. reported cone
CoH% of 46.1–68.4% for wild North American hops but only 13.6–30.6% for European hops.153 Similarly,
Henning et al. reported significantly different mean CoH% of 60.0% (wild North American) and 25.3%
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(European).163 Finally, Hampton et al. reported mean CoH contents of 57.7 and 27.6% from cones of
North American wild and European cultivated hops, respectively.202 Relative to humulone, cohumulone
has higher water solubility,  which results in higher extraction efficiency during the brewing process. 12
Furthermore, the flavor quality of its isomerization product iso-cohumulone is comparable to that of iso-
humulone, although some brewers still prefer humulone over cohumulone.12 Therefore, breeders seeking
high CoH% or higher overall CoH yields in leaves may consider using H. neomexicanus and other North
American wild hops, while those seeking low CoH% may prefer to use more conventional hop breeding
germplasm.
In addition to differences in CoH%, there was also a much stronger linear relationship between leaf–dry-
weight–normalized relative quantities CoH and H + AdH in hop cultivars (r2 = 0.82) than in southwestern
American H. neomexicanus (r2 = 0.13) (Figure 10a).  In contrast,  the strengths of  a  linear relationship
between relative quantities of the corresponding  β acids, colupulone and lupulone + adlupulone, were
much closer between the cultivars (r2 = 0.87) and the wilds (r2 = 0.58) (Figure 10b). The relatively weak
correlation  between  relative  quantities  of  H  +  AdH and  CoH in  the  wild  southwestern  American H.
neomexicanus may present opportunities for breeders to break the apparently tight correlation between H
+ AdH and CoH observed in the selected commercial cultivars by introgressing H. neomexicanus into H.
lupulus,  thus opening up possibilities for  increased production of one  α acid without a corresponding
increase in the other.
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Figure 10. Relationship between relative amounts of major bitter acids in hop leaves.
(a) α acids cohumulone vs. humulone + adhumulone. (b) β acids colupulone vs. lupulone + adlupulone. 
All compound quantities are in terms of peak area per leaf dry weight. Coefficients of determination (r2) 
and p-values are from linear regression.
Why is the strength of correlation between leaf–dry-weight–normalized relative quantities of CoH and H +
AdH so different between the two sample groups (Figure 10a)? As already discussed, one possible factor
is that the two groups represent different genetic lineages. Another possibility is differences in selective
pressures. Artificial selection is a genetic bottleneck that has likely substantially reduced the diversity of
commercial cultivars relative to wild hops. Because α acid content is a major breeding trait, it is possible
that artificial selection has maximized the biosynthetic output of humulone, cohumulone, and adhumulone
in the cultivars.  Wild hops on the other hand  have not been subjected to the same artificial selective
pressures.  Further study is needed to determine the main factors causing a high correlation between
relative quantities of  CoH and H + AdH in  the cultivars  and  a lack thereof  in  the  H. neomexicanus
samples.
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As  with the  α acids,  the  β acids  were  generally  more  abundant  in  the  southwestern  American  H.
neomexicanus leaves, likely due to higher leaf gland densities (Figure 8a). However, differences in β acid
measurements  between  groups  were  smaller  than  differences  in  their  corresponding  α acid
measurements (Table 7 and Figure 9a,b).  As a result, relative to the selected commercial cultivars, the
southwestern  American H.  neomexicanus had  higher  α acid–to–β acid  ratios  (Figure  9d).  The  H.
neomexicanus group also had relatively higher proportions of the “co-” bitter acids forms (Figure 9e,f).
These trends in bitter acids could indicate, among many other possibilities, that relative to the cultivars,
the  southwestern  American H.  neomexicanus genotypes  have  (1)  higher  activity  of  deoxyhumulone
oxidase (DHO) relative to aromatic prenyltransferase (PTF), conditioning higher α acid production; (2) a
higher abundance of isobutyl-CoA relative to isovaleryl-CoA, conditioning higher  production of the “co-”
bitter acid forms; (3) a relative preference by divergent valerophenone synthases (VPS) for isobutyl-CoA
over isovaleryl-CoA, also conditioning higher production of the “co-” bitter acid forms; and/or (4) different
bitter  acid  degradation  rates.135 Nonetheless,  our  findings  indicate  that  introgression  with  and/or
domestication of H. neomexicanus may provide valuable hop leaf traits.
The other major valuable class of compounds produced in hop leaf glands  is prenylflavonoids (Figure
8b).200 All five prenylflavonoids in the targeted analysis were on average higher in leaves of southwestern
American  H.  neomexicanus relative  to  those  of  the  cultivars  (Table  7).  Furthermore,  differences  in
xanthohumol and desmethylxanthohumol content were almost 2-fold and statistically significant (Table 7).
Xanthohumol  and  its  derivatives  are  known  for  their  pharmacological  activities,  including  cancer
prevention and treatment of metabolic syndrome.15,203,204 In addition, purified xanthohumol has antifeedant
activity  against  some  insect  species.160 Desmethylxanthohumol  is  a  biosynthetic  precursor  to  both
xanthohumol  and  8-prenylnaringenin,  a  potent  phytoestrogen.15,135,203 In  brewing,  the  prenylflavonoid
fraction of hops improves the mouthfeel of beer.13,21 As with the bitter acids, the higher prenylflavonoid
content in the H. neomexicanus group is likely a result of higher gland density (Figure 8a). Furthermore,
the fold differences in prenylflavonoid content between the two groups (Table 7) were much less than the
fold differences in cohumulone (Table 7) and total bitter acid (Figure 9a) content, suggesting that the
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southwestern American H. neomexicanus genotypes tend to produce α acids—especially cohumulone—
at the expense of all other major leaf gland secondary metabolites. The genetic mechanisms underlying
differences  between  H.  neomexicanus and  existing  commercial  cultivars  in  leaf  gland  biosynthetic
allocation as well as the evolutionary forces (e.g., selection, drift, and mutation) that conditioned these
differences warrant further study.
Targeted  A  nalysis:  N  onglandular,  G  reen  L  eaf  T  issue  C  onstituents  
Many  hop  phenolic  compounds  are  produced  in  nonglandular,  green  leaf  tissues  (Figure  8b).13,200
Biologically, phenolic compounds are known to protect plants against ultraviolet B radiation (UV-B), fungal
pathogens, and insect herbivores as well as regulate polar auxin transport, which affects plant growth. 205
Phenolics  also  have  complex  roles  in  brewing.  For  example,  phenolic  compounds  are  thought  to
contribute  to  foam  stability  and  beer  haze;  beer  haze  can  reduce  shelf-life  but  may  be  desirable
depending on the type of beer.13,20 However, through their antioxidant activities, phenolics can also protect
hop resins and other beer constituents against oxidation and can improve taste stability.13,206 Phenolics
also increase bitterness and astringency and improve the mouthfeel of beer.13 
In the targeted analysis of nonglandular phenolics, the most striking difference between hop cultivars and
southwestern  American  H.  neomexicanus was  observed  for  flavonol  glycosides.  The  nine  flavonol
glycosides were 1.7- to 3.9-fold higher in southwestern American  H. neomexicanus, and eight of these
differences were statistically significant (Table 7). Furthermore, the galactosides of myricetin, quercetin,
and kaempferol were detected in only 9, 36, and 22% of commercial cultivar samples, respectively, but in
over 95% of H. neomexicanus samples. It is unclear why flavonol galactosides were present in almost all
of  the  H.  neomexicanus genotypes  but  mostly  absent  in  commercial  cultivars. Nonetheless,  these
galactosides could be useful chemotaxonomic or quality control markers. 
Similar to flavonol glycosides, the three flavonol aglycones—myricetin, quercetin, and kaempferol—were
all relatively more abundant in southwestern American H. neomexicanus, although only quercetin differed
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significantly.  A  feature  identified  as  either  naringenin  or  chalconaringenin,  which  have  highly  similar
elution  behavior  and  mass  spectral  fragmentation,  was also  significantly  higher  in  the  southwestern
American H. neomexicanus group (Table 7).181–184 Chalconaringenin is a precursor to all of the flavonoids
in this study and naringenin to all but prenylflavonoids.135 
The  higher  levels  of  flavonols  in  the  wild  southwestern  American  H.  neomexicanus leaves  have
agronomic potential.  Flavonols and their glycosides protect against UV-B and can increase or decrease
insect  herbivory  depending  on  the  insect  species  and  compound  levels.205,207,208 Higher  flavonols in
southwestern  American H. neomexicanus leaves  may be an adaptation to  higher UV-B radiation at the
high  elevations of their native range (ca. 1500-3000 m). Furthermore, flavonol glycosides may improve
powdery mildew resistance in  leaves.209 Although Smith  reported only  a small  proportion of  powdery
mildew tolerant H. neomexicanus genotypes from a collection made in Colorado, to our knowledge, there
are  no such  studies on genotypes from our collection  area (Arizona  and New Mexico).156 Thus,  the
herbivory,  UV-B,  and  powdery  mildew  resistance  potential  of  H.  neomexicanus from  the  American
Southwest warrants further investigation.
In  contrast  to  flavonols,  all  six  phenolic  acids  (chlorogenic  and  hydroxycinnamic  acids)  were  more
abundant in the commercial cultivars, although the difference was only significant for 4-caffeoylquinic acid
(i.e., cryptochlorogenic acid) (Table 7). Feiner et al. recently demonstrated that phenylpropanoids closely
related to 4-caffeoylquinic acid are associated with downy mildew resistance in hop.158 Furthermore, these
phenolic  acids have antioxidant  properties,  which may contribute  to  the storage stability  and human
health benefits of beer while contributing little to beer haze formation.20 Existing commercial hop cultivars
appear to have the advantage in terms of leaf phenolic acid content.
While  some  flavanols  and  proanthocyanidins  were  also  measured  in  leaves,  this  study  found  no
substantial  difference between  the  commercial  cultivars  and  the  southwestern  American H.
neomexicanus. All differences were 1.2-fold or less, and none were significant (Table 7).
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Untargeted  A  nalysis of  H  op  L  eaf Compounds  
The UPLC-QTof-MSE analysis of hop leaf samples yielded 6014 chemical features (i.e., unique retention
time–exact  mass pairs).  Principal  component  analysis  (PCA) of  all  features  showed clear  separation
between  the two groups—commercial  cultivars and wild Southwestern  H. neomexicanus—on the first
principal component (Figure 11a). Because all plants were grown under the same greenhouse conditions,
the observed phytochemical  differences can essentially be attributed to differences in genetics. Thus,
leaves of the wild H. neomexicanus genotypes from the American Southwest are chemically distinct from
leaves of the selected commercial cultivars of European and mixed European–North American heritage
based on genetic differences alone. A detailed view of the cultivar group is given in Figure 11b.
Figure 11. Principal component analysis (PCA) score plots from untargeted UPLC-QTof-MSE analysis of 
hop leaf extracts.
(a)  All samples. (b)  Detail of cultivar sample group only (two overlapping names are “Toyomidori” and
“Chinook”). Leaf–dry-weight–normalized peak areas were mean-scaled and zero-centered prior to PCA.
Markers (i.e., chemical features distinguishing the two groups) were determined using two different sets of
criteria. The first set of criteria selected markers based on quantitative between-group differences: greater
than  2-fold difference between means and Holm-adjusted  p < 0.05.  The second set  of  criteria  used
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qualitative differences, selecting features detected in greater than 80% of samples from the target group
and less than 5% of samples from the other group. The number of markers obtained using each set of
criteria are shown in the top two rows of Table 8. The third row shows the number of markers selected
using a combination of both sets of criteria, which indicates that nine of the  H. neomexicanus markers
overlapped  between  the  two  sets,  while  there  was  no  overlap  between  quantitative  and  qualitative
markers for the cultivars. Furthermore, the number of quantitative markers for southwestern American H.
neomexicanus  (300)  was  much greater  than  for  the  cultivars  (16),  which  could  indicate  that  the  H.
neomexicanus leaf samples had overall higher levels of metabolites, perhaps due to higher gland density
(Figure 8a). However,  because the  number of chemical features does not generally correspond to  the
number of unique compounds,  more evidence is needed to confirm if  H. neomexicanus leaves actually
have higher metabolite levels.
Table 8. Tally of Distinguishing Chemical Markers Between the Two Sample Groups







x x 0 9
a Quantitative  criteria,  defined  as  fold-difference  >  2  (based  on  mean  peak  areas  of  cultivars  vs
southwestern American H. neomexicanus)  and p < 0.05 (from Welch’s  t-test with Holm correction).  b
Qualitative criteria,  which selected features detected in  greater than 80% of samples from the target
group and less than 5% of samples from the other group. The full list of markers is provided in Table 12 of
the appendix (p.  98).  Markers were selected from a set of  6014 total  chemical features (i.e.,  unique
retention time–mass-to-charge pairs).
Some of the markers were tentatively identified by matching against a custom hop compound database
and PlantCyc.173 All identified markers belonged to the set of southwestern American H. neomexicanus
quantitative markers (Table 9). None were qualitative markers, which would have been the most useful for
chemotaxonomy, and none were markers for the cultivar group. Most markers in Table 9 were identified
only to compound class, while a few were identified more specifically. Most of the tentatively identified
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markers were assigned as bitter acids, prenylflavonoids, or flavonol glycosides, mirroring trends in the
targeted analysis (see the previous “Results and Discussion” sections). As already discussed, the higher
bitter acid and prenylflavonoid levels likely stem from higher leaf gland densities, while higher flavonol
glycosides may be an adaptation to UV-B and/or insect herbivory. A few other small organic compounds
were also tentatively identified, but it is unclear why these compounds were more abundant in leaves of
southwestern American H. neomexicanus relative to those of the commercial hop cultivars.
Table 9. Tentative Identification of Some Southwestern American H. neomexicanus Quantitative Markers 
Using Progenesis QI Compound Identification
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m.z
a “*” Indicates a compound that is also part of the targeted analysis (see Table 6 and Table 7). b p-Values
from Welch’s  t-test  and  adjusted with  the  Holm method  based on 6014 features.  c Fold  differences
calculated as the ratio of the means of the two groups (i.e., cultivars and wild southwestern American H.
neomexicanus). This table curated to include only reasonably confident compound matches and class
identifications based on knowledge of hop phytochemistry and compound elution order. All markers in this
table belong to the set of southwestern American H. neomexicanus quantitative markers (see Table 8). All
quantities are in terms of peak areas normalized to the dry weight of leaf tissue. Abbreviations: “RT-EM,”
retention  time–exact  mass  (equivalent  to  “Compound”  designation  in  Progenesis);  “MF,”  molecular
formula; “ID,” identification; “DB,” database; “IH,” in-house hop compound database; “PC,” the PlantCyc
database, accessed through ChemSpider; “nd,” not determined; “FA,” formic acid (CH2O2).
Targeted and untargeted analyses indicated that  leaves of  southwestern American  H. neomexicanus
leaves are phytochemically distinct from those of the commercial hop cultivars tested, both quantitatively
and qualitatively. Many of these differences are relevant to agronomic, brewing, and medicinal properties
of hops. Thus, southwestern American  H. neomexicanus should be further explored for hop breeding.
There are plans to  deposit  representative germplasm from this  H.  neomexicanus collection  with  the
United  States  Department  of  Agriculture,  Agricultural  Research  Service,  National  Plant  Germplasm
System (USDA ARS NPGS) to be made publicly available. Future work should systematically explore: (1)
how well hop leaf phytochemical and anatomical traits can predict cone phytochemical composition, since
this predictive confidence would allow breeders to more rapidly screen new genotypes for valuable traits;
(2)  the  genetic,  biosynthetic,  and  evolutionary  processes  underlying  the  phytochemical  differences
observed in  this study;  and (3)  the economic viability  of  using high gland density hop leaves as an
additional source of hop compounds for brewing and medicine.
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CHAPTER FIVE: CONCLUSION
A central  theme of this dissertation  was examining the effects of genetic and environmental factors on
hop (Humulus) phytochemistry. Based on our own and others’ research, both genetics and environment
appear to influence hop phytochemical composition. Although there are exceptions, genetic differences
appear to have a more substantial effect than environmental differences do. For example, in the terroir
study  (Chapter Two), differences in genotype accounted for the large majority of variability in levels of
linalool, raspberry ketone, and 2-phenylethanol glucosides in spent hop cones (i.e., cones with resins and
oils previously removed using supercritical CO2 extraction). In contrast, difference in growing location (i.e.,
environment) accounted for the largest portion of variability in hexyl glucoside levels. Even so, the genetic
component  of  hexyl  glucoside  variation was  still  substantial.  In  the  drought  study  (Chapter  Three),
principal component analyses of overall phytochemical profiles showed that water stress had a noticeable
effect within each genotype but that all four genotypes were nonetheless mutually distinguishable, again
suggesting  that  genetic  (rather  than  environmental)  factors played  the  dominant  role  in  determining
phytochemical composition. The wild hop leaf study (Chapter Four) also demonstrated a substantial effect
of  genetic  difference  on  variations  of overall  phytochemical  profiles,  specific  compounds  (e.g.,
cohumulone,  xanthohumol,  and  rutin),  compound  classes  (e.g.,  alpha acids,  prenylflavonoids,  and
flavonol glycosides), and glandular trichome densities. However, because environment was kept constant
in the experimental design, the relative contributions of genetics and environment on leaf phytochemical
composition and gland density could not be determined.  Collectively, these results suggest that overall
hop phytochemical composition is influenced more by varietal selection than by manipulation of growing
conditions. This will come as no surprise to brewers, who can generally depend on consistently distinct
flavor and aroma profiles of specific cultivated varieties from year to year and farm to farm. Nonetheless,
growing conditions still exert a  non-negligible effect on overall phytochemical composition and even  a
dominant effect on levels of specific compounds, such as hexyl glucoside (Chapter Two). As discussed in
the Introduction (Chapter One) but not  explicitly tested in this dissertation, developmental stage, plant
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part,  and postharvest  processing also influence phytochemical  composition and should be taken into
account by researchers, breeders, and growers alike. 
Additional conclusions and  recommendations  also  came out  of  the  studies.  In  the  study  of  aroma
glycosides  in  spent  hop  cones (Chapter  Two),  the  three  aglycones whose  glucosides  were  affected
mostly by genotype (i.e., linalool, raspberry ketone, and 2-phenylethanol) have desirable aromas, while
the  aroma  of  1-hexanol,  whose  glucoside  was  mostly  affected  by  growing  location,  is  undesirable.
Because aglycones can be released by hydrolysis of glycosides in beer over time, terroir has the potential
to affect properties of hops related to beer aroma development. However, because volatile aglycones are
thought to contribute more substantially to beer aroma than do aroma glycosides, future work should
include measurements of the aglycones and utilize brewing trials to assess impacts on the final product
(i.e., beer). Finally, because insect herbivory was hypothesized as the main cause of the location effect
observed  for  hexyl  glucoside,  future  experiments  should  explicitly  test  this  hypothesis  under  more
controlled conditions.
The drought experiment (Chapter Three) determined 14 phytochemical markers of drought stress in hop
leaf. The average levels of these compounds generally increased or decreased monotonically in response
to progressively increasing levels of water stress. Furthermore, the drought induced increases in markers
corresponding  to  five  monoacylated  glycerolipids,  two  norisoprenoids,  and  one  porphyrin indicated
respective breakdowns of membrane lipids, carotenoids, and chlorophyll, which  are known to  degrade
under drought stress. These same marker compounds also have known or likely roles in stress signaling
in plants. The reasons for the drought induced  changes in a small organic acid (glutaric acid) and a
flavonoid (dihydromyricetin) were less clear. Among many other possibilities, these two markers may hint
at general plant drought responses that are currently not well understood or to responses that are specific
to hop. To the best of our knowledge, this was the first untargeted metabolomics study of drought in hop,
which has given a broader view of the hop metabolic response to drought than was previously available in
the literature.  In  addition,  the data  processing pipeline featured a novel  feature filtering scheme that
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reduced the redundancy and complexity of the dataset. One shortcoming of the experimental design was
the lack of a truly well-watered group. Although the control group was watered to 100% soil saturation,
because water was only given every 3-4 days, the pot weights of the control group still decreased by
about half in between waterings (Figure 14, p.87 in the appendix). These large decreases in soil water
content probably induced non-negligible water stress in the control group. Therefore, including a group of
control  plants  that  are  consistently  maintained at  high soil  water saturation would likely  increase the
sensitivity of the assay, thus resulting in the identification of more drought stress markers.
As already mentioned, the  hop leaf metabolomics study (Chapter Four)  measured substantially higher
levels of many bitter acids, prenylflavonoids, and flavonol glycosides in the wild southwestern American
H. neomexicanus leaves relative  to  the cultivar  leaves. These compounds may improve tolerance to
insect herbivory and fungal infection, and future work should directly measure these tolerances in the H.
neomexicanus germplasm collection.  The hop leaf metabolomics study (Chapter Four)  also  uncovered
other noteworthy differences between the two sample groups.  First, the H. neomexicanus leaves had a
higher alpha-to-beta acid ratio and higher proportions of the “co-” bitter acids forms cohumulone and
colupulone.  Second,  there  was  a  much  stronger  linear  relationship  between  cohumulone  and
humulone+adhumulone  among  the  cultivars  than  among  the  wilds;  this  may  be  an  opportunity  for
breeders to break the strong correlation between major alpha acids in existing commercial cultivars by
introgressing with wild  H. neomexicanus germplasm. Third, some chemical features were selected as
potential chemotaxonomic markers based on their essential ubiquity in one group and essential absence
in  the  other  group.  Future  work  exploring  the  genetic  and  evolutionary  mechanisms  underlying  the
observed differences in leaf phytochemistry and glandular trichome density could lead to improvements in
hop breeding.
All studies in this dissertation examined hop plant material that is not typically used in brewing. While it is
true  that  spent  hop  cones and  hop leaves  are usually  composted,  they may have  greater  value  as
additional streams of hop compounds. In fact, a patented process already exists for extracting aroma
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glycosides from spent hop cones to use in brewing.210 A very  rough standard curve from  our aroma
glycoside study suggested that some cultivars may have raspberry ketone glucoside content on the order
of 0.1% of total spent hop weight (see appendix section “Aroma Glycoside Terroir Study, Rough Standard
Curves  ”, p.77). As for hop leaves, the wild hop study demonstrated that the relative quantities of total
alpha acids and xanthohumol were on average about three-fold and two-fold higher, respectively, in the
wild  southwestern  American  H.  neomexicanus relative  to  the  cultivars.  In  both  studies,  the  absolute
quantities of these and other compounds were not  conclusively determined. Doing so would facilitate
more informed decisions about developing additional value streams from leaves and spent cones.
Studying  hop  leaf  phytochemistry  has  another  potential  value:  phytochemical  screening  for  faster
breeding  selection. The goal  would be to reliably predict agronomic  traits, such as  drought resistance,
infection  tolerance,  or  cone  alpha  acid  content,  using a  mathematical  model  based  on  hop  leaf
phytochemical  data.  Having  such  a  model  would  facilitate  the  rapid  screening  of  large  numbers  of
genotypes using analytical chemical methods rather than more costly and time-consuming methods (e.g.,
a traditional mildew screen involving inoculation, incubation, and infective scoring of seedlings). While
genetic  markers  have  the  advantage  of  being  theoretically  invariant  to  differences  in  environment,
developmental  stage,  plant  part,  and  sample  processing,  phytochemical  markers  are  less  costly  to
measure and are still fairly consistent for a given plant part and genotype as long as measures are taken
to minimize environmental variation. Such a predictive, phytochemical model would need to be trained
using a set  of  genotypes for which the quantitative agronomic traits have already been measured or
scored. For example, the phytochemical data generated in the hop leaf metabolomics study (Chapter
Four) could be used to model the alpha acid content in cones of the same genotypes grown to maturity in
a field. Or, a breeding program could sample leaf seedlings for phytochemical analysis, use a traditional
screen to  determine drought  tolerance of  the same genotypes,  develop a  predictive  model  from the
phytochemical data and screening, and then apply the model to predict the drought tolerance of seedlings
from other genotypes. To the best of my knowledge, in hop, traditional assessments are well established
for  cone alpha acid content  and mildew tolerance but  not  for  drought tolerance. Thus,  developing a
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traditional drought tolerance screen for hop is a prerequisite for developing a predictive, phytochemical
model of drought tolerance. Once developed, models should be tested for robustness using a wide variety
of  genotypes.  To  make such  models  even  more  robust,  additional  testing  across  a  range of  typical
developmental stages and greenhouse conditions is recommended.
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APPENDIX
Aroma Glycoside Terroir Study, Rough Standard Curves 
Very rough standard curves were generated for each of the four aroma glycoside compounds measured
in the terroir study (Chapter Two).  The pure reference standards were analyzed using the same UPLC-
TQD-MS conditions as described earlier (p. 10). Because each concentration of reference standard was
only injected once and because the curves are not linear, these curves were not included in the peer-
reviewed publication.27 The curves are being presented here only  for  the purposes  of  making rough
estimates. The curves should be repeated more systematically before any definitive conclusions about
absolute quantities are drawn.
Figure 12. Rough standard curves of aroma glycoside reference standards.
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Figure 13. Rough standard curves of aroma glycoside reference standards (zoomed in or out to 
range of peak areas detected in spent hop extracts).
The conversion from peak area to ng of compound was done using the curves on the graphs (Figure 13).
The factor used to convert from ng of compound to percent of spent hop weight was calculated as follows:
• 1.0g spent hops in 20 mL extraction solvent (water)
• 4 mL (i.e., 20%) of aqueous extract was used for SPE
◦ equivalent to 0.2g spent hops
• The 0.2 g equivalent of spent hops was eluted with 2.0 mL methanol; add an additional 1.1 mL for
hold-up volume for a total elution volume of 3.1 mL. 
◦ For  hold-up  volume  data,  see  Sep-Pak  tC18  500mg/6cc  column:
https://www.waters.com/webassets/cms/library/docs/720000860en.pdf
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• 0.2g equivalent of spent hops / 3.1 mL solvent = 0.0645 g spent hops/mL. 
• Each injection was 5 µL of this SPE eluate
• 0.0645 g spent hops/1000 µL × 5 µL/injection = 0.00032258 g equivalent of spent hops/injection
◦ 322580 ng hops/injection
• 100% * (X ng cpd/injection) / (322580 ng hops/injection) = Y% cpd (by weight of spent hops)
Given below are  the observed peak area  values in  extract  injections (from Figure 3,  p.15),  masses
corresponding to observed peak areas (using curves from Figure 13 above), and equivalent contents of
compound as percentage of plant material (based on conversion factor of 322580 ng hops/injection):
• Raspberry ketone glc.: 2–300 (peak area) ≈ 1–400 ng raspberry ketone ≈ 0.0003–0.1% (w/w)
◦ Note: upper end of peak areas goes past the standard curve
• 2-phenylethyl glc.: 1–20 (peak area) ≈ 0.1–1 ng 2-phenylethyl glc. ≈ 0.00003–0.0003% (w/w)
• Hexyl glc.: 2–80 (peak area) ≈ 0–30 ng hexyl glc. ≈ 0–0.009% (w/w)
• Linalyl glc.: 2–10 (peak area) ≈ 2–8 ng linalyl glc ≈ 0.0006–0.002% (w/w)
Additional Details About Growing Hop Plants in the Field
In the field, hop plants are typically propagated clonally by rhizome cuttings. Cuttings are best taken in
late winter or early spring when the hop plants are dormant and there is no live, above-ground vegetative
tissue (although there may be dead bines from previous years). If the plant from which cuttings are to be
taken is to be left  alive and healthy,  first  identify the center of the crown (i.e.,  where new bines will
emerge) and plan to avoid digging near the center. Otherwise dig anywhere. One can use a sharp-edged
shovel to dig and cut pieces of hop rhizome. Once dug, the rhizome cuttings can be stored for a few days
or weeks at refrigeration temperature (ca. 4 °C). If storing the cuttings, it is best to wrap each one in a
damp (not wet) towel and place in a plastic bag. Cuttings should be checked weekly for mold. Moldy spots
should be removed by washing or, for more extreme infections, should be cut off. If infection is severe, the
whole cutting may need to be discarded. Storing each cutting in a separate bag can reduce the chance of
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cross-infection between individual cuttings. Rhizome cuttings in storage can even be shipped to another
location, provided they are stored as indicated above. When ready to plant (ideally in early spring), ~4
inch long rhizome cuttings can be planted horizontally, a couple inches underneath the soil and watered
as needed. If the cuttings are larger than 4 inches long, they can be  cut into pieces. As the weather
warms, shoots should emerge from the soil where the cutting was planted. These shoots (i.e., bines) are
often  manually  trained  onto  a  support,  such as a  trellis,  to  allow the bines  to  climb vertically  in  an
organized fashion rather than to sprawl over the ground and possibly become entangled with other plants
or objects. For more detailed information about hop growing, see books dedicated to the topic, such as
those of Neve or Eyck and Gehring.5,211 
Drought Metabolomics, Supporting Information
Reproduced (with some minor formatting changes) with permission from: Morcol, T. B.; Wysocki, K.;
Sankaran, R. P.; Matthews, P. D.; Kennelly, E. J. UPLC-QTof-MSE metabolomics reveals changes in leaf
primary and secondary metabolism of hop (Humulus lupulus L.) plants under drought stress. Journal of
Agricultural and Food Chemistry 2020, 68 (49), 14698–14708.
Copyright 2020, American Chemical Society.
Details  A  bout  O  btaining  M  easurements of  P  lant  B  iomass and  S  oil  W  ater  P  arameters  
Shortly after sampling leaf tissue, all remaining above-ground plant material for each plant was cut off and
placed into a pre-weighed brown paper bag. The bagged plant material was weighed, and the weight of
the bag was subtracted to obtain the net weight of fresh plant biomass (Pf). The bagged plant material
was then dried at 40 °C for approximately 48 hr. Finally, bagged material was reweighed, and weight of
the bag was subtracted to obtain the net weight of dry plant biomass (Pd). Plant water content (PWC) was
calculated according to the equation below.
80
PWC =  (Pf - Pd)/Pd
After removing the above-ground plant material, all potted soil was watered to excess. Once dripping had
stopped, all potted soil was weighed, and the weight of the pot was subtracted to obtain net weights of
fully  saturated  soil  (Ss).  After  partially  drying  out  for  several  days  in  the  greenhouse,  all  soil  was
transferred to brown paper bags and dried completely in a drying oven. Bagged, dried soil was weighed,
and the weight of the bag was subtracted to obtain dry soil weights (Sd). Net soil weight at the end of the
experiment (Se) was calculated by subtracting the fresh plant weight (Pf) and the weight of the pot from
the potted plant weight measurements taken at the end of the experiment, which were taken just prior to
sampling as described in the Materials and Methods section. Gravimetric soil water content (SWC) and
soil percent saturation (S%S) were then calculated as 
SWC = (Se - Sd)/Sd
S%S = 100% * (Se – Sd)/(Ss - Sd)
Weights data from these calculations are presented in Figure 15, 16, and 17 (below).
MS-DIAL  P  arameters  
MS-DIAL ver. 4.18
#Project
MS1 Data type Centroid





Retention time begin 0.5
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Retention time end 11
Mass range begin 100
Mass range end 1500
MS2 mass range begin 100





Maximum charged number 2
#Data processing




Minimum peak width 5
Minimum peak height 3000
#Peak spotting parameters
Mass slice width 0.1
Exclusion mass list (mass & tolerance)
#Deconvolution parameters
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Sigma window value 1
MS2Dec amplitude cut off 100
Exclude after precursor True
Keep isotope until 0.5
Keep original precursor isotopes False
#MSP file and MS/MS identification setting
MSP file
Retention time tolerance 0.05
Accurate mass tolerance (MS1) 0.05
Accurate mass tolerance (MS2) 0.05
Identification score cut off 80
Using retention time for scoring False
Using retention time for filtering False
#Text file and post identification (retention time and accurate mass based) setting
Text file
Retention time tolerance 0.1
Accurate mass tolerance 0.01
Identification score cut off 85
#Advanced setting for identification
Relative abundance cut off 0











Retention time tolerance 0.05
MS1 tolerance 0.015
Retention time factor 0.5
MS1 factor 0.5
Peak count filter 0
N% detected in at least one group 0
Remove feature based on peak height fold-change True
Sample max / blank average 5
Sample average / blank average 5
Keep identified and annotated metabolites False
Keep removable features and assign the tag for checking False
Gap filling by compulsion True
#Tracking of isotope labels
Tracking of isotopic labels FALSE
#Ion mobility
Ion mobility data FALSE
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#Experiment file
ID MS type Start mz End mz
0 SCAN 100 1500
1 MSE 100 1500
Additional  D  iscussion  A  bout  U  nidentified  C  ompounds  
Even though compounds 1, 3, 13, and 14 could not be tentatively identified, some of their properties are
nonetheless deduced from the available data. 
 Based on accurate mass of adducts and fragments, compound 3 appears to be a glycoside—more
specifically a dihexoside—with formula C24H38O15. A SciFinder search for this formula returns only
one  natural  product:  glansresinoside  B.  Although  glansresinoside  B  is  also  a  dihexoside,  it  is
reported only from species of the order Fagales, which makes it unlikely to be found in  H. lupulus
(order: Rosales). 
 Based on retention time and accurate mass of adducts, compound 1 appears to be a relatively polar
compound with formula C21H20O13. This matches the formula for myricetin glucoside, which has been
reported  in  hops.101 However,  based  on  a  combination  of  accurate  mass and  elution  order,  we
already tentatively identified two myricetin hexoside peaks eluting at 1.75 and 1.78 min; given that
compound 1 elutes at 0.60 min, it is unlikely to be myricetin glucoside. 
 Based on retention time, compound 14 appears to be relatively non-polar. The mass associated with
this feature in negative ionization mode was 607.4224, but there was not enough evidence to assign
this mass to a specific adduct. Assuming this mass as the [M-H]- and including C,H,O,N,S, and P in
the elemental composition search, none of the possible formulae within 10 ppm returned any plant
compounds in SciFinder.
 Based  on  retention  time  and  accurate  mass  of  adducts,  compound  13 is  likely  a  diacylated
glycerolipid  with  formula  C45H74O11.  A  SciFinder  search  for  this  formula  suggests  two  likely
candidates.  The  first  candidate  is  a  36:6-O  monogalactosyldiacylglycerol  (MGDG-O).  The  “-O”
indicates an additional oxygen on one of the fatty acids. Although not as common, such MGDG-O
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have  been  reported  in  plants.111,212 The  second  candidate  is  a  36:5  glucuronosyldiacylglycerol
(GlcADG).   Given the lack of fragments for this compound, there is no further evidence to support
either identification.
Net  P  otted  P  lant  W  eights  O  ver  C  ourse of  E  ntire 3-  W  eek  T  reatment  P  eriod  
Figure 14 (below) includes net potted plant weights of ALL plants, including those for which insufficient
plant material was available for chemical analyses. Sample sizes are provided in right margin for each
treatment group. Treatment group color codes: blue=control, orange=moderate, red=severe. Error bars
represent 95% confidence intervals.
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Figure 14. Net potted plant weights over course of entire 3-week treatment period.
Plant  W  ater  C  ontent of  A  bove  g  round  P  lant  B  iomass at  E  nd of  E  xperiment  
Figure 15 (below) includes only plants for which there was also sufficient  plant material for chemical
analyses. See appendix section “Details About Obtaining Measurements of Plant Biomass and Soil Water
Parameters” (above, p. 80) for details. Error bars represent 95% confidence intervals. Samples sizes for
each  genotype  (total/control/moderate/severe):  Aurora  (28/10/9/9),  Cascade  (17/7/6/4),  Sultana
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(29/10/10/9),  neomexicanus_TM2-30A  (10/5/2/3).  Treatment  group  codes:  C=control,  M=moderate,
S=severe.
Figure 15. Plant water content (PWC) of 
above-ground plant biomass at end of 
experiment
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Soil  W  ater  C  ontent at  E  nd of  E  xperiment  
Figure 16 (below) includes only plants for which there was also sufficient  plant material for chemical
analyses. See appendix section “Details About Obtaining Measurements of Plant Biomass and Soil Water
Parameters” (above, p. 80) for details. Error bars represent 95% confidence intervals. Samples sizes for
each  genotype  (total/control/moderate/severe):  Aurora  (28/10/9/9),  Cascade  (17/7/6/4),  Sultana
(29/10/10/9),  neomexicanus_TM2-30A  (10/5/2/3).  Treatment  group  codes:  C=control,  M=moderate,
S=severe.
Figure 16. Soil water content (SWC) at end
of experiment
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Soil  P  ercent  S  aturation at  E  nd of  E  xperiment  
Figure 17 (below) includes only plants for which there was also sufficient  plant material for chemical
analyses. See appendix section “Details About Obtaining Measurements of Plant Biomass and Soil Water
Parameters” (above, p. 80) for details. Error bars represent 95% confidence intervals. Samples sizes for
each  genotype  (total/control/moderate/severe):  Aurora  (28/10/9/9),  Cascade  (17/7/6/4),  Sultana
(29/10/10/9),  neomexicanus_TM2-30A  (10/5/2/3).  Treatment  group  codes:  C=control,  M=moderate,
S=severe.
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Figure 17. Soil percent saturation (S%S) 
at end of experiment
Histogram of  R  etention  T  ime  D  ifferences  A  mong  H  ighly  C  orrelated  F  eature  P  airs  
Figure 18 (below) is a frequency distribution of retention time differences of feature pairs with Pearson
correlation coefficient (r) greater than 0.9. The red line indicates the retention time difference cutoff that
was used in the final step of feature filtering: 0.02 min. This distribution includes only the features that
passed the previous rLOQ filtering step.
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Figure 18. Histogram of retention time differences among highly correlated feature 
pairs.
Histogram of  R  etention  T  ime  D  ifferences  A  mong  H  ighly  C  orrelated  F  eature  P  airs (  Z  oomed  I n)  
Figure 19 (below) is a frequency distribution of retention time differences of feature pairs with Pearson
correlation coefficient  (r)  greater than 0.9.  This is the same distribution as in  Figure 18 (above),  but
zoomed in along the x-axis to show finer detail in the 0-0.02 min range. This distribution includes only the
features that passed the previous rLOQ filtering step.
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Figure 19. Histogram of retention time differences among highly correlated feature pairs
(zoomed in).
Table of  C  ontents  G  raphic (i.e.,  G  raphical  A  bstract)  
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Figure 20. Table of contents graphic (from hop drought metabolomics paper) showing experimental 
workflow overview.
Wild Hop Leaf Metabolomics, Supporting Information
Reproduced (with some minor formatting changes) with permission from Morcol, T. B.; Matthews, P. D.;
Kennelly, E. J. Differences in leaf chemistry and glandular trichome density between wild southwestern
American hop (Humulus neomexicanus) and commercial hop cultivars. Journal of Agricultural and Food
Chemistry, in press.
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Supporting  T  ables  
Table 10. Geographical Origin Information for Hop Genotypes in the Metabolomics Study
Sample
name
Sample group Rhizome origin
Apollo cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Aurora cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Bitter Gold cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Bramling cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Cascade cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Chinook cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Cluster cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Crystal cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
CTZ cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Hallertau 
Tradition
cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Kent Golding cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Sultana cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Super Galena cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Toyomidori cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Willamette cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
TM2-15B wild H. neomexicanus USA, Arizona, Apache National Forest, Alpine District
TM2-17A wild H. neomexicanus USA, Arizona, Apache National Forest, Alpine District
TM2-17B wild H. neomexicanus USA, Arizona, Apache National Forest, Alpine District
TM2-18B wild H. neomexicanus USA, Arizona, Apache National Forest, Alpine District
TM2-19A wild H. neomexicanus USA, Arizona, Apache National Forest, Alpine District
TM2-19B wild H. neomexicanus USA, Arizona, Apache National Forest, Alpine District
TM2-20B wild H. neomexicanus USA, Arizona, Apache National Forest, Alpine District
TM2-21B wild H. neomexicanus USA, Arizona, Apache National Forest, Alpine District
TM2-29A wild H. neomexicanus USA, Arizona, Apache National Forest, Alpine District
TM2-30A wild H. neomexicanus USA, Arizona, Apache National Forest, Alpine District
TM2-30B wild H. neomexicanus USA, Arizona, Apache National Forest, Alpine District
TM2-31B wild H. neomexicanus USA, Arizona, Apache National Forest, Alpine District
TM2-35A wild H. neomexicanus USA, Arizona, Apache National Forest, Alpine District
TM2-35B wild H. neomexicanus USA, Arizona, Apache National Forest, Alpine District
TM2-38A wild H. neomexicanus USA, Arizona, Apache National Forest, Alpine District
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TM2-39C wild H. neomexicanus USA, Arizona, Apache National Forest, Alpine District
TM2-28B wild H. neomexicanus USA, Arizona, Apache National Forest, Alpine District (private 
property)
TM2-115A wild H. neomexicanus USA, Arizona, Coronado National Forest, Douglas District
TM2-100A wild H. neomexicanus USA, Arizona, Coronado National Forest, Safford District
TM2-103D wild H. neomexicanus USA, Arizona, Coronado National Forest, Safford District
TM2-104A wild H. neomexicanus USA, Arizona, Coronado National Forest, Safford District
TM2-106A wild H. neomexicanus USA, Arizona, Coronado National Forest, Safford District
TM2-108A wild H. neomexicanus USA, Arizona, Coronado National Forest, Safford District
TM2-94C wild H. neomexicanus USA, Arizona, Coronado National Forest, Safford District
TM2-83C wild H. neomexicanus USA, Arizona, Coronado National Forest, Santa Catalina District
TM2-86B wild H. neomexicanus USA, Arizona, Coronado National Forest, Santa Catalina District
TM2-86F wild H. neomexicanus USA, Arizona, Coronado National Forest, Santa Catalina District
TM1-149B wild H. neomexicanus USA, New Mexico, Cibola National Forest, Magdalena District
TM1-152A wild H. neomexicanus USA, New Mexico, Cibola National Forest, Magdalena District
TM1-97A wild H. neomexicanus USA, New Mexico, Cibola National Forest, Sandia District
TM1-99B wild H. neomexicanus USA, New Mexico, Cibola National Forest, Sandia District
TM1-99C wild H. neomexicanus USA, New Mexico, Cibola National Forest, Sandia District
TM2-5A wild H. neomexicanus USA, New Mexico, Gila National Forest, Reserve District
TM2-6B wild H. neomexicanus USA, New Mexico, Gila National Forest, Reserve District
TM2-7A wild H. neomexicanus USA, New Mexico, Gila National Forest, Reserve District
TM2-8A wild H. neomexicanus USA, New Mexico, Gila National Forest, Reserve District
TM2-43A wild H. neomexicanus USA, New Mexico, Gila National Forest, Silver City District
TM2-45A wild H. neomexicanus USA, New Mexico, Gila National Forest, Silver City District
TM2-46A wild H. neomexicanus USA, New Mexico, Gila National Forest, Silver City District
TM2-10A wild H. neomexicanus USA, New Mexico, Gila National Forest, Wilderness District
TM2-10B wild H. neomexicanus USA, New Mexico, Gila National Forest, Wilderness District
TM2-48A wild H. neomexicanus USA, New Mexico, Gila National Forest, Wilderness District
TM2-49A wild H. neomexicanus USA, New Mexico, Gila National Forest, Wilderness District
TM2-50A wild H. neomexicanus USA, New Mexico, Gila National Forest, Wilderness District
TM2-51A wild H. neomexicanus USA, New Mexico, Gila National Forest, Wilderness District
TM2-51B wild H. neomexicanus USA, New Mexico, Gila National Forest, Wilderness District
TM1-133A wild H. neomexicanus USA, New Mexico, Lincoln National Forest, Sacramento District
TM1-135A wild H. neomexicanus USA, New Mexico, Lincoln National Forest, Sacramento District
TM1-106A wild H. neomexicanus USA, New Mexico, Lincoln National Forest, Smokey Bear District
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TM1-111A wild H. neomexicanus USA, New Mexico, Lincoln National Forest, Smokey Bear District
TM1-112C wild H. neomexicanus USA, New Mexico, Lincoln National Forest, Smokey Bear District
TM1-117A wild H. neomexicanus USA, New Mexico, Lincoln National Forest, Smokey Bear District
TM1-121A wild H. neomexicanus USA, New Mexico, Lincoln National Forest, Smokey Bear District
TM1-124A wild H. neomexicanus USA, New Mexico, Lincoln National Forest, Smokey Bear District
TM1-126C wild H. neomexicanus USA, New Mexico, Lincoln National Forest, Smokey Bear District
TM1-127A wild H. neomexicanus USA, New Mexico, Lincoln National Forest, Smokey Bear District
TM1-139A wild H. neomexicanus USA, New Mexico, Lincoln National Forest, Smokey Bear District
TM1-142C wild H. neomexicanus USA, New Mexico, Lincoln National Forest, Smokey Bear District
TM1-93B wild H. neomexicanus USA, New Mexico, Santa Fe National Forest, Espanola District
TM1-94B wild H. neomexicanus USA, New Mexico, Santa Fe National Forest, Espanola District
Table 11. Geographical Origin Information for Hop Genotypes in the Leaf Gland Density Study
Sample name Sample group Rhizome origin
Apollo cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Bitter Gold cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Bramling cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Cascade cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Chinook cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Cluster cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Crystal cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
CTZ cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Kent Golding cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Sultana cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Super Galena cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
Willamette cultivar USA, Washington, Yakima Valley (Hopsteiner research collection)
TM2-115A wild SW USA H.
neomexicanus
USA, Arizona, Coronado National Forest, Douglas District
TM2-100A wild SW USA H.
neomexicanus
USA, Arizona, Coronado National Forest, Safford District
TM2-103D wild SW USA H.
neomexicanus
USA, Arizona, Coronado National Forest, Safford District
TM2-104A wild SW USA H.
neomexicanus
USA, Arizona, Coronado National Forest, Safford District
TM2-106A wild SW USA H.
neomexicanus
USA, Arizona, Coronado National Forest, Safford District
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TM2-108A wild SW USA H.
neomexicanus
USA, Arizona, Coronado National Forest, Safford District
TM2-94C wild SW USA H.
neomexicanus
USA, Arizona, Coronado National Forest, Safford District
TM2-83C wild SW USA H.
neomexicanus
USA, Arizona, Coronado National Forest, Santa Catalina District
TM2-86B wild SW USA H.
neomexicanus
USA, Arizona, Coronado National Forest, Santa Catalina District
TM2-86F wild SW USA H.
neomexicanus
USA, Arizona, Coronado National Forest, Santa Catalina District
TM1-149B wild SW USA H.
neomexicanus
USA, New Mexico, Cibola National Forest, Magdalena District
TM1-97A wild SW USA H.
neomexicanus
USA, New Mexico, Cibola National Forest, Sandia District
TM2-10B wild SW USA H.
neomexicanus
USA, New Mexico, Gila National Forest, Wilderness District
TM1-111A wild SW USA H.
neomexicanus
USA, New Mexico, Lincoln National Forest, Smokey Bear District
TM1-139A wild SW USA H.
neomexicanus
USA, New Mexico, Lincoln National Forest, Smokey Bear District
Table 12. List of All Quantitative and Qualitative Markers from Comparisons of Cultivar and Wild 
Southwestern American H. neomexicanus Sample Groups from the Untargeted Metabolomics Analysis
RT-EM (Progenesis
compound name)
Sample group Marker type
0.46_161.0448m/z cultivar quantitative (Criterion 1)
0.47_239.0760m/z cultivar quantitative (Criterion 1)
0.50_272.0348n cultivar quantitative (Criterion 1)
0.60_260.0224m/z cultivar quantitative (Criterion 1)
1.25_323.1341m/z cultivar quantitative (Criterion 1)
1.40_209.0659m/z cultivar quantitative (Criterion 1)
1.40_374.1205n cultivar quantitative (Criterion 1)
1.40_377.0845m/z cultivar quantitative (Criterion 1)
1.50_431.1917m/z cultivar quantitative (Criterion 1)
1.50_448.1808m/z cultivar quantitative (Criterion 1)
1.79_209.0663m/z cultivar quantitative (Criterion 1)
7.99_577.2686m/z cultivar quantitative (Criterion 1)
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8.01_676.3667n cultivar quantitative (Criterion 1)
8.01_738.3551m/z cultivar quantitative (Criterion 1)
8.01_789.3525m/z cultivar quantitative (Criterion 1)
8.67_277.2166m/z cultivar quantitative (Criterion 1)
0.43_243.0779m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.45_104.0343m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.45_180.9296m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.45_187.9957m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.45_302.1000m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.46_113.0711m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.46_132.0659m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.46_139.0504m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.46_157.0610m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.46_170.9007m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.46_230.9934m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.46_332.9536m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.47_214.8903m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.47_232.8972m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.47_266.9849m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.47_349.1240m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.48_165.9404n wild SW USA H. neomexicanus quantitative (Criterion 1)
0.48_195.9498n wild SW USA H. neomexicanus quantitative (Criterion 1)
0.48_197.9189m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.48_249.0137m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.48_251.0110m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.48_259.0215m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.48_292.0068m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.48_292.9208m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.48_311.0109m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.48_326.9855m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.48_356.9951m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.48_360.0314m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.48_575.0148m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.49_164.0674m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.49_306.0756m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
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0.49_307.0010m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.50_295.1027m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.51_311.0079m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.52_194.9692m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.52_232.8831m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.52_248.9492m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.52_254.9897m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.53_292.9326m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.54_232.9748m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.54_298.9461m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.54_314.9181m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.58_306.0755m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.60_160.0299n wild SW USA H. neomexicanus quantitative (Criterion 1)
0.60_309.0816m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.61_153.0184m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.61_249.0371m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.61_276.9639m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.61_308.9930m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.61_352.9834m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.61_511.0036m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.61_517.0194m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.63_294.9456m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.66_309.1181m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.66_309.9095m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.67_140.0345m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.71_443.1185m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.88_409.1494m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.91_385.1138m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.95_385.1133m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.96_356.0736n wild SW USA H. neomexicanus quantitative (Criterion 1)
0.96_377.0482m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.96_440.0435m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.96_445.0356m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.96_462.0258m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.96_599.1980m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
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0.96_733.1226m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.97_409.1497m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.02_719.1433m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.03_377.0482m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.03_440.0436m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.03_453.9821m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.03_462.0258m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.03_711.1404m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.03_733.1225m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.03_771.0698m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.04_337.0557m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.04_463.0874m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.05_771.1987m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.06_719.1433m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.08_294.1306n wild SW USA H. neomexicanus quantitative (Criterion 1)
1.08_356.1187m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.08_361.1107m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.08_378.1010m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.10_462.0259m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.12_715.1485m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.13_693.1674m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.14_457.0445m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.15_311.0759m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.17_379.1240m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.22_337.0546m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.25_409.1341m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.26_293.0658m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.27_337.0556m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.28_130.0258n wild SW USA H. neomexicanus quantitative (Criterion 1)
1.37_325.0922m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.38_280.9516m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.38_379.0420m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.38_379.1584m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.38_563.1402m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.38_574.1303m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
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1.38_574.6323m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.38_607.0536m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.38_607.1665m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.38_629.1480m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.38_715.1673m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.38_726.6594m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.38_737.1509m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.38_737.6518m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.38_867.6975m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.38_889.6808m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.39_401.0184m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.40_388.0876m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.41_387.1654m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.42_669.2395m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.47_350.1933n wild SW USA H. neomexicanus quantitative (Criterion 1)
1.50_387.1654m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.50_450.1610m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.50_472.1427m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.51_410.1545n wild SW USA H. neomexicanus quantitative (Criterion 1)
1.51_471.1182m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.53_337.0534m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.62_336.0473n wild SW USA H. neomexicanus quantitative (Criterion 1)
1.62_382.0404m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.62_404.0225m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.65_625.1406m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.65_688.1360m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.65_710.1177m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.69_609.1458m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.70_1251.2888m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.70_623.1247m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.70_624.9325m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.70_625.1405m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.70_693.1277m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.70_710.0996n wild SW USA H. neomexicanus quantitative (Criterion 1)
1.70_710.1176m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
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1.70_778.1030m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.71_1249.2721m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.71_708.1011m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.78_477.0666m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.78_480.0896n wild SW USA H. neomexicanus quantitative (Criterion 1)
1.78_564.0597m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.85_195.1018m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.85_239.0915m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.85_261.0734m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.93_451.2178m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
1.97_434.2507n wild SW USA H. neomexicanus quantitative (Criterion 1)
10.03_549.3583m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.01_608.9410m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.01_610.1534n wild SW USA H. neomexicanus quantitative (Criterion 1)
2.01_672.1408m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.01_707.1162m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.01_708.0634m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.02_607.1298m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.02_762.1088m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.06_670.1229m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.07_677.1328m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.07_694.1226m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.07_758.1233n wild SW USA H. neomexicanus quantitative (Criterion 1)
2.08_377.1811m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.14_433.2076m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.14_464.0947n wild SW USA H. neomexicanus quantitative (Criterion 1)
2.14_548.0648m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.25_265.1073m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.25_521.2022m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.26_1187.3098m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.26_592.9532m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.26_593.1508m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.26_593.3385m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.26_661.1379m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.26_678.1281m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
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2.26_740.0990m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.26_746.1144m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.35_327.1076m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.35_441.1393m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.35_463.1198m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.39_692.0688m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.39_746.1146m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.41_471.1499m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.42_407.1915m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.42_532.0701m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.54_532.0703m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.69_434.2509n wild SW USA H. neomexicanus quantitative (Criterion 1)
2.69_496.2393m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.71_463.0875m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
2.71_577.1193m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
3.09_435.2232m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
3.12_625.2710m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
3.14_561.1244m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
3.52_418.2556n wild SW USA H. neomexicanus quantitative (Criterion 1)
3.52_499.2622n wild SW USA H. neomexicanus quantitative (Criterion 1)
3.54_463.2184m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
3.84_399.2391m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
3.84_459.2593m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
6.21_350.1546n wild SW USA H. neomexicanus quantitative (Criterion 1)
6.57_209.0812m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
6.64_209.0811m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
6.71_446.1424m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
7.02_299.0917m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
7.13_301.1073m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
7.29_209.0812m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
7.86_348.1893m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.00_333.1701m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.48_322.1416m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.48_391.2121m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.48_476.1898m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
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8.54_345.1701m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.58_353.0168m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.58_353.1390m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.58_421.1264m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.58_438.1164m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.59_401.0879m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.59_401.2329m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.63_391.2120m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.66_425.1962m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.68_415.2485m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.68_415.2485m/z_2 wild SW USA H. neomexicanus quantitative (Criterion 1)
8.69_365.1421m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.69_515.1725m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.73_405.2269m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.74_264.0995m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.74_333.0608m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.74_333.3179m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.74_415.2486m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.75_334.0435m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.75_334.1775n wild SW USA H. neomexicanus quantitative (Criterion 1)
8.75_364.0244m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.75_433.0947m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.75_786.2640m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.78_310.0873m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.78_367.0152m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.78_367.1147m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.78_367.1547m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.78_379.1581m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.78_389.1965m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.78_403.1308m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.78_430.1501m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.78_479.0824m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.78_735.3179m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.79_370.1713m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.82_315.1593m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
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8.82_363.1743m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.82_397.2742m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.83_411.1302m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.83_435.1809m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.84_375.2165m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.84_379.1760m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.84_749.4267m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_1096.4875m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_278.0128m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_278.1153m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_347.0765m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_347.0765m/z_2 wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_347.1861m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_347.2368m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_347.2738m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_347.3376m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_347.3939m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_349.0396m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_361.0371m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_363.1806m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_378.0388m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_447.1096m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_703.2964n wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_709.3592m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_717.3621m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_741.3490m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_760.2922m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.86_784.2686m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.87_404.2078m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.87_756.2940m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.88_371.1847m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.88_814.2953m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.90_393.1914m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.92_437.1965m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.92_737.3907m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
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8.92_786.3270m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.92_788.3233m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.93_711.3384m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.93_769.3798m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.94_443.2800m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.94_443.3373m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.94_443.3818m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
8.94_443.4505m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
9.01_306.1466m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
9.01_375.0800m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
9.01_375.2172m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
9.01_417.2275m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
9.02_1180.5808m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
9.02_375.2695m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
9.02_460.1950m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
9.02_488.0579m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
9.02_557.1284m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
9.02_870.3579m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
9.03_423.2536m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
9.06_489.2644m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
9.10_425.2693m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
9.16_403.2486m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
9.36_530.3121m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
9.96_821.5419m/z wild SW USA H. neomexicanus quantitative (Criterion 1)
0.63_463.1087m/z cultivar qualitative (Criterion 2)
0.81_532.0911m/z cultivar qualitative (Criterion 2)
1.11_417.1028m/z cultivar qualitative (Criterion 2)
2.15_651.1560m/z cultivar qualitative (Criterion 2)
2.44_249.0605m/z cultivar qualitative (Criterion 2)
2.44_295.0451m/z cultivar qualitative (Criterion 2)
2.44_298.0679n cultivar qualitative (Criterion 2)
2.47_635.1612m/z cultivar qualitative (Criterion 2)
2.47_635.2445m/z cultivar qualitative (Criterion 2)
2.47_679.2788m/z cultivar qualitative (Criterion 2)
2.59_429.2123m/z cultivar qualitative (Criterion 2)
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2.79_511.0851m/z cultivar qualitative (Criterion 2)
2.79_534.1002n cultivar qualitative (Criterion 2)
1.69_609.1458m/z wild SW USA H. neomexicanus qualitative (Criterion 2)
1.85_261.0734m/z wild SW USA H. neomexicanus qualitative (Criterion 2)
2.01_707.1162m/z wild SW USA H. neomexicanus qualitative (Criterion 2)
2.01_708.0634m/z wild SW USA H. neomexicanus qualitative (Criterion 2)
2.14_461.0718m/z wild SW USA H. neomexicanus qualitative (Criterion 2)
2.14_548.0648m/z wild SW USA H. neomexicanus qualitative (Criterion 2)
2.26_1187.3098m/z wild SW USA H. neomexicanus qualitative (Criterion 2)
2.26_592.9532m/z wild SW USA H. neomexicanus qualitative (Criterion 2)
2.26_740.0990m/z wild SW USA H. neomexicanus qualitative (Criterion 2)
2.26_746.1144m/z wild SW USA H. neomexicanus qualitative (Criterion 2)
2.27_678.1103n wild SW USA H. neomexicanus qualitative (Criterion 2)
2.27_729.1254m/z wild SW USA H. neomexicanus qualitative (Criterion 2)
6.70_393.0269m/z wild SW USA H. neomexicanus qualitative (Criterion 2)
8.78_393.0130m/z wild SW USA H. neomexicanus qualitative (Criterion 2)
Supporting Figures  
Figure 21. Histograms for each sample group, showing the frequency distribution of chemical features by 
proportion above LOD.
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Figure 22. Frequency distribution of markers by sample group and retention time.
(a) features selected using quantitative criterion 1 (i.e., greater than 2-fold difference in means between
species AND Holm-adjusted p-value from Welch’s  t-test  less than 0.05);  (b)  features  selected  using
qualitative criterion 2 (i.e., detected in greater than 80% of samples from target group and less than 5% of
samples from the other group).
Table of  C  ontents  G  raphic (i.e.,  G  raphical  A  bstract)  
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Figure 23. Table of contents graphic (from wild hop metabolomics paper) showing experimental workflow.
Ethnobotanical Reflections from Wild Hop Collection Field Work
In addition to the phytochemical and anatomical findings presented in Chapter Four (p. 43), the wild hop
collecting field work also led to discoveries related to the ethnobotany of wild  H. neomexicanus in the
American Southwest.  Although the market  for  pure  H. neomexicanus hops is  much smaller  than for
commercial  varieties,  there  were  nonetheless  some people  growing  and using  H.  neomexicanus for
brewing.  For  example,  one  grower had  collected  hop rhizomes from the  surrounding  area  and was
growing  them all  in  hop  yards  on  their  property.  Through  conversations,  this  grower  demonstrated
intimate knowledge of aroma differences among their genotypes as well as where and how to find and
collect hops in their surroundings. This hop farm was uncommon in its approach to growing, processing,
and selling hops. Most commercial hop farms in America grow relatively large numbers of clones from a
few hop cultivars, harvest each cultivar separately, and sell the resulting hops and hop products to large-
and small-scale commercial breweries as well as to individuals. In contrast, this grower was growing what
were likely hundreds of unique wild hop genotypes, each genotype represented by one or perhaps a few
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plants; cones harvested from multiple genotypes were batched together, and the batches were sold only
to individual homebrewers and small-scale commercial brewers. 
Interest in wild southwestern American hops was not limited to the aforementioned farm. In Rinconada,
New Mexico, Santa Fe Brewing Company had set up another small farm, also growing H. neomexicanus
hops. In contrast to the farm described in the previous paragraph, the farm in Rinconada was growing
only a few H. neomexicanus genotypes, employing an approach to growing growing and selling hops that
is  more  typical  of  American  hop  growers  (as  described  in  previous  paragraph).  The  hops  from the
Rinconada farm were being used to brew small batches of beer in at least one of Santa Fe Brewing
Company’s nearby breweries. In addition to commercial growers, a few other people encountered during
fieldwork also shared direct or secondhand knowledge of collecting and using native  H. neomexicanus
hops for  homebrewing.  While  the market  for  H. neomexicanus hops still  pales in  comparison to  the
market  for well-known commercial  cultivars,  the interest  of  a few local  growers and brewers for  wild
Southwestern American hops may help to preserve ethnobotanical knowledge biological diversity of wild
hops in the region.
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1 Purpose: This protocol describes how to prepare hop extracts received from Hopsteiner in 96-well 
format for analysis by UPLC-QTOF-MS.
2 Materials/Equipment
Item Description/location/etc
96-well plate containing dried hop Received from Hopsteiner. Typically stored in a freezer in 
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extracts 4405 Science Hall
96-well filter plate Pall Acroprep Advance 1mL, 0.45 μm PTFE (part# 8148)
96-well sample collection plate with 
unused 700 μL glass inserts and 
unused silicone cap mat
Plate: Waters 96-well Plate for use with Glass Inserts (part# 
186001438)
Inserts: Quick load replacement inserts for 96 for well plate, 
700uL,1/pkg (part# 186001437)
Cap mat: Cap-mat 96-well Square Plug Pre-slit 
Silicone/PTFE, 5/pk (part# 186006335)
Vortex Genie
Vacuum manifold Arctic White LLC., Universal Robotic Vacuum Manifold, part#
AWLS-228020
80% MS methanol Mixture of 4:1 (v/v) methanol-water, MS grade
Pooled crude extract QC sample Dried extract of pooled, crude hop extract (e.g., TMD11-1); 
stored in 7 mL scintillation vials in a freezer in 4405 Science 
Hall
Multichannel pipettor VWR 12-Channel Electronic Pipettor, 50-1200 μL, part# 
10827-938
3 Redissolving and filtering hop extracts
3.1 Redissolve QC sample
3.1.1 Remove one vial of dried QC extract from freezer and allow to come to room 
temperature.
3.1.2 With gloved hands, remove cap from vial, wipe outside of vial with Kimwipe, and weigh 
vial on analytical balance.
3.1.3 Subtract tare weight of vial (should be written on vial already) from gross weight to 
determine net extract weight. Record this net weight.
3.1.4 Determine volume of solvent needed to bring this extract to a concentration of 2.0 mg/mL.
3.1.5 Add this amount of 80% MS methanol to the vial.
3.1.6 Cap the vial.
3.1.7 Sonicate the vial for about 5 minutes. This can be done when sonicating the plate (see 
below).
3.2 Redissolve the extracts in 96-well plate.
3.2.1 Peel off silicone cap mat from 96-well plate of dried hop extracts.
3.2.2 Using the multichannel pipettor, add 400 μL 80% MS methanol to wells of samples that 
are to be analyzed in this batch (this may mean that you do NOT add solvent to all wells).
3.2.2.1 You can pour the 80% MS methanol into an MS-clean glass beaker to make it 
easier to draw up with the multichannel pipettor.
3.2.2.2 Since the pipette tips will not be touching extracts, you can use one set of tips for 
this entire step.
3.2.3 Replace the silicone cap mat
3.2.4 Sonicate the plate for about 5 minutes. You can also sonincate the QC extract vial at this 
time.
3.3 Filter extracts into collection plate.
3.3.1 Remove clear plastic top part of vacuum manifold.
3.3.2 Position 96-well collection plate with glass inserts in bottom of vacuum manifold (white 
frosted plastic part). Leave cap mat OFF.
3.3.3 Replace clear plastic top part of vacuum manifold. 
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3.3.3.1 When you press down on this top part, you should feel the gasket (white rubber) 
that is between the two manifold parts compress slightly. If not, the collection plate 
may be sitting to high; in this case, check/remove any spacers underneath the 
collection plate.
3.3.4 Place filter plate on top of opening at the top of the manifold. 
3.3.4.1 Filter plate should be flush against the black, foam gasket.
3.3.4.2 Be sure that the filter plate and collection plate are aligned in the way that you 
want.
3.3.5 Transfer 200 μL of redissolved extracts from 96-well storage plate (i.e., the one that you 
just sonicated) to 96-well filter plate (i.e., the one that is on top of the manifold) using a 
multichannel pipettor.
3.3.5.1 Before transferring the extracts, pipette up and down several times to mix and 
redissolve more thoroughly.
3.3.5.2 Use a fresh set of pipette tips for each row/column of samples.
3.3.6 Transfer about 600 uL of 80% MS methanol to a well of the filter plate. This will be the 
solvent blank.
3.3.7 Transfer about 600 uL of the redissolved pooled crude QC sample to a well of the filter 
plate. This will be the QC sample.
3.3.8 Cover any unused wells with a piece of silicone/foam/etc. This will aid with vacuuming.
3.3.9 With the vacuum valve at the manifold turned all the way off, open the vacuum valve at 
the source (i.e., coming out of the wall).
3.3.9.1 NOTE: you only need to open it about half-way.
3.3.10Keeping an eye on the vacuum gauge and on the liquid in the wells, slowly open the 
vacuum valve on the manifold. Usually about 5-10 mm Hg is sufficient to slowly draw the 
extracts through the filters.
3.3.11 Increase the vacuum as needed to finish drawing all extracts through the filters.
3.3.12Turn off vacuum.
3.3.13Remove top portion of manifold. Remove collection plate from manifold.
3.3.14Using clean tweezers, lift each glass insert to check for air bubbles. To remove bubbles, 
gently tap the side of insert.
3.3.15Place clean, unused cap map on top of collection plate. Plate is now ready for analysis. 
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PURPOSE
This document is intended to provide step-by-step guidelines for analyzing and processing metabolomics 
data.
OVERVIEW OF MAJOR STEPS
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 1) Data conversion   - if planning to use non-Waters software for pre-processing
 Purpose  : to convert raw data files from the Waters specific format (.RAW directory) to raw file 
formats compatible with non-Waters software
 Tools  
 1.1) Reifycs Abf Converter   - for conversion to .abf format, which is used by MS-DIAL
 1.2) Proteowizard MSConvert/MSConvertGUI   - for conversion to .mzML or .mzXML 
formats, which are used by many third-party tools
 https://hub.docker.com/r/chambm/pwiz-skyline-i-agree-to-the-vendor-licenses  
 2) Data pre-processing  
 Purpose  : to extract relevant information from raw data
 Tools  
 Waters
 2.1) MarkerLynx   - old 32-bit software; works fine for sets of up to a few hundred 
samples
 Free, third-party
 2.2) XCMS   - requires understanding of R scripting language; best option for large 
datasets
 2.3) MS-DIAL   - only available on Windows; can process MSe data for FBMN; works 
well for small to medium sized datasets
 3) Inter- and intra-batch intensity drift correction  
 Purpose  : to correct for intensity fluctuations that occur both over the course of and between LC-
MS runs
 Tools
 3.1) batchCorr   - an R package
 4) Multivariate statistical analyses  
 Purpose  : to model and assess trends in data
 Tools  
 4.1) EZinfo   - bundled with Waters software; user-friendly interface; can be used for PCA, 
OPLS-DA, PLS, etc.
 4.2)  R packages (base, ropls, ggplot2, ggfortify)   – a few tools for performing PCA, OPLS-
DA, etc. The OPLS-DA option is particularly useful for efficiently performing several OPLS-
DA’s. These require a working knowledge of the R scripting language.
 5) Molecular Networking  
 Purpose  : to generate and visualize molecular networks, which summarize relatedness of 
chemical features based on similarities in molecular fragmentation
 Tools  
 GNPS
 5.1) Molecular networking (MN)   - generate molecular networks based on consensus 
spectra in dataset
 5.2) Feature-based molecular networking (FBMN)   - generate molecular network of all 
features (i.e., mz/rt pairs) in the dataset
 5.3) MS2LDA, Network annotation propagation (NAP), and MolNetEnhancer   – the first 
two tools (MS2LDA and NAP) discover similarities in molecular substructure based on 
molecular fragmentation data and annotate features in a molecular network based on 
developing consensus from neighboring (i.e., chemically related) features. These then 
feed into MolNetEnhancer, which combines the outputs from MN/FBMN, MS2LDA, and
NAP and incorporates chemical classification data from ClassyFire to give a more 
comprehensive overview of a molecular network
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 5.4) Cytoscape   - java-based application for visualizing molecular network data
 6) Miscellaneous tools  
 6.1) ClassyFire   - web-based application that classifies compounds based on their molecular 
structure; also integrated into MolNetEnhancer (see above)
 6.2) SciFinder   - web database of information about chemical compounds; requires a 
subscription (Lehman and the Grad Center both have a licenses)
 6.3) OPSIN: Open Parser for Systematic IUPAC nomenclature   -  a simple, web-based tool that 
converts IUPAC/CAS names to a chemical structure format (SMILES, InChI, CML). This can be 
especially useful if you want to get the SMILES/etc from a SciFinder search.
(1.1) DATA CONVERSION - Reifycs Abf Converter
This Windows-only tool converts Waters .RAW data files to .abf format, which is used by MS-DIAL.
1 If not already installed:
1.a Go to https://www.reifycs.com/AbfConverter/Registration
1.b Register your information and then download the .zip file: 
1.c Extract the “AbfConverter” directory to your computer.
2 Double-click “AnalysisBaseFileConverter.exe” in the “AbfConverter” directory to start the program.
3 In file explorer, select the .RAW data files (i.e., folders/directories) that you want to convert. Drag and 
drop them into the AbfConverter window.
4 If you want to save the converted files to a different location, unselect the checkbox for “Save Converted
Files into Same Folder as Raw Files”. Click “Browse” button and select the directory where you want to 
save the converted files. 
5 For converting single polarity, TOF/MSe data you do not need to select any additional options in the 
“(Settings)” window.
6 Click “Convert”
(1.2) DATA CONVERSION - Proteowizard MSConvertGUI
This tool--available for Windows and Linux--converts Waters .RAW files to .mzML or .mzXML format, 
which can be used with many third-party tools. The following instructions are written for Windows, but it 
should be fairly similar for Linux.
1 If not already installed:
1.a Go to http://proteowizard.sourceforge.net/download.html
1.b Select Project ProteoWizard
1.c Select platform according to your operating system
1.d Provide email address (optional)
1.e Check the box for “I have read and accepted the license agreements”
1.f Click download to download the file
1.g For Windows installations, double-click the .msi file and follow the installation instructions. For 
Linux installations, it’s a bit more complicated; you’ll have to figure it out on your own!
2 In file explorer, select some/all of the .RAW files that you want to convert. Right-click and select “Open 
with MSConvertGUI”. Alternately, you can open MSConvert from the start menu.
3 Click “Browse” in top-left of window and select any additional files that you want to convert.
4 Click “Browse” in middle-left of window to select the output directory.
5 Under “Options”
5.a Output format - mzML or mzXML (depending on downstream needs)
5.b Binary encoding precision - 64-bit
5.c [other options to select] - Write index; uze zlib compression; TPP compatibility
6 Under “Filters”
6.a Lockmass refiner (required) [dropdown menu: Lockmass Refiner] - set mz according to the 
lockmass peak used for calibration (e.g., 554.2615 for leu-enk/negative, 556.2771 for 
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leu-enk/positive, etc.); set m/z tolerance to 0.3; , you must use this filter for Waters TOF/QToF 
data, otherwise the masses will altered.
6.b Scan polarity (optional) [dropdown menu: Subset] - if your files have both positive and negative 
data, you can use this filter to select only one type.
6.c Scan event (optional) [dropdown menu: Subset] - use this if you want to select only certain 
functions; typically with MSe data, function 1 is low energy scans, function 2 is high energy 
scans, and function 3 is the lockmass.
6.d MS levels (optional) [dropdown menu: Subset] - if you only want a particular MS level (i.e., MS1,
MS2), you can set the range you want here; otherwise, no need to use this filter; note that for 
MSe, the high energy scans are still considered MS1.
6.e Scan number or scan time (optional) [dropdown menu: Subset] - use this if you want to select 
only a certain scan or retention time range.
7 Click “Start”
(2.1) DATA PRE-PROCESSING - MarkerLynx (Waters)
This Windows software from Waters is used to process raw LC-MS data from MassLynx into a table of 
peak intensities for each feature and each sample. If desired, the peak table is then transferred to EZInfo 
for statistical analyses. MarkerLynx is fully integrated with both MassLynx and EZInfo. There is no need 
for data conversion since MarkerLynx uses the native Waters .RAW file format. Because MarkerLynx is 
32-bit (rather than 64-bit), it is more limited in the amount of samples that it can process at one time; 
depending on the size of the files and the parameters used, MarkerLynx can process a few hundred to a 
few thousand samples. For larger sample sets, it is recommended to use XCMS (R packages) or 
Progenesis QI.
1 Start MassLynx and navigate to the desired project and sample list.
2 Click the “MarkerLynx XS” tab on the left side of the main MassLynx window.
3 If you have not already created a MarkerLynx processing method:
3.a Click the “Edit Method” button on the left-hand side. A new window pops up.
3.b In this new MarkerLynx XS Method Editor window, click File → New.
3.c Select “Method parameters” in the left panel.
3.d In the right panel, set the desired parameters. Suggested parameters for our UPLC-QToF-MS
instrument:
d.i Function: 1 (this corresponds to the 1st data channel, which is typically MS full scan low 
energy)
d.ii Analysis type: peak detection
d.iii Initial/final retention times, low/high masses: [these settings are project specfic]
d.iv XIC window: 0.01 Da
d.v Use relative retention time: No (unless you’ve used an internal standard)
d.vi Apex Track Peak Parameters
 Peak width at 5% Height: 1.00 s
 Peak-to-peak baseline noise: 6.00
d.vii Apply smoothing: No (Yes could also work)
d.viii Collection Parameters
 Marker Intensity threshold: 1,000-10,000 (depends on how important it is for you to 
retain or remove smaller peaks; a lower threshold will result in finding more features 
but will also retain more noise, will use more memory, and will increase processing 
time)
 Mass window: 0.05 Da
 Retention time window: 0.10 min
d.ix Noise elimination level: 6.00
d.x Deisotope data: yes
3.e Save the method. Close the MarkerLynx XS Method Editor window.
4 Click “Process Samples” on the left side of the MassLynx window. A new window pops up.
5 In the Create Dataset window:
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5.a Processing Options: select Process Data, Create Markers, Extended Statistics, and Save 
Data.
5.b Project: browse to and select the desired project if not already selected (but it should already 
be selected)
5.c Sample list
c.i Browse to and select the desired sample list.
 NOTE: all samples that you want to process must be in the same sample list.
c.ii Samples: input the range of the samples that you want process from the selected sample
list (eg. 1-50).
 NOTE: if there are gaps in your sample list, you can separate the non-consecutive 
ranges with a comma (eg. 1-35, 38-49, 64-108).
c.iii Method: select the desired MarkerLynx method (eg. the one you created in step 3).
c.iv Processed Filename: Browse to desired folder and input a file name. Once the 
processing is completed, the results will be saved with this name in this location.
c.v Click OK. The analysis will begin.
6 Once the analysis has completed, the MarkerLynx XS window pops up. 
6.a In this window you can view information about the detected features (eg. retention time, m/z, 
intensities for each sample), TIC chromatograms for each sample, trends in the intensify of a 
given feature across all samples, and more. 
6.b If you go to Display → Options → Markers, you can change whether the displayed intensities 
are peak heights or peak areas and whether or not to normalize the intensities. 
6.c You can also transfer the processed data to EZInfo for statistical analyses (eg. PCA, OPLS-
DA) by clicking the “XS” button on the top bar.
c.i NOTE: If you previously selected “Extended Statistics” in Processing Options of the 
Create Dataset window, then the data should have already transferred to EZInfo, and an 
EZInfo window should already be open.
c.ii For information on how to use EZInfo, refer to the Multivariate Statistical Analyses 
section, EZInfo subsection of this SOP.
(2.2) DATA PRE-PROCESSING - XCMS (R packages)
XCMS is a set of R packages from Bioconductor. It is best suited for processing large numbers of raw 
data files at once. However, at this time XCMS is not able to process MSe data for molecular networking. 
The IPO (Isotopologue Parameter Optimization) package can be used before running XCMS to generate 
a set of optimized processing parameters for XCMS. Some knowledge of the R language is required 
for this section; read through all of the code provided before running, and change any parameters that 
need changing. It is recommended to copy-paste this code to a text editor before working with it.
1 If not already installed, run the following commands in R to install XCMS and IPO
if (!requireNamespace("BiocManager", quietly = TRUE))
    install.packages("BiocManager")
BiocManager::install("xcms")
BiocManager::install("IPO")
2 Run IPO (Isotopologue Parameter Optimization) to generate a set of optimized parameters for XCMS. 
The general idea is to select a representative subset of your data files and run IPO on this subset; there 
are many different ways to do this; the way presented below is to manually provide a file name for each 
file in the subset. The computation time for IPO seems to increase substantially as more files are used, so
it is recommended to use no more than 12 file. Once IPO is completed, you will need to copy the 
optimized parameter values from the terminal window.
setwd("[/path/to/data/directory/]") #INPUT YOUR OWN VALUE
datafiles <- c("[file1].mzML"  #INPUT YOUR OWN VALUES          
                , "[file2].mzML"           
                , "[file3].mzML"           
                , "[file4].mzML"           
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             , "[file5].mzML"           
                , "[file6].mzML"          
                , "[file7].mzML"           
                , "[file8].mzML") # up to 12 files
library(xcms)
library(IPO)
### PEAK PICKING OPTIMIZATION ------------------------------
peakpickingParameters <- getDefaultXcmsSetStartingParams("centWave")
n.slaves <- if(length(datafiles) < (bpparam("MulticoreParam"))$workers)
{length(datafiles)} else {(bpparam("MulticoreParam"))$workers}
time.xcmsSet <- system.time({ # measuring time
resultPeakpicking <-
    optimizeXcmsSet(files = datafiles,
                    params = peakpickingParameters,
                    nSlaves = n.slaves,
                    subdir = NULL,
                    plot = FALSE)
})
optimizedXcmsSetObject <- resultPeakpicking$best_settings$xset
### RT SHIFT & GROUPING OPTIMIZATION----------------------------
time.RetGroup <- system.time({ # measuring time
resultRetcorGroup <-
optimizeRetGroup(xset = optimizedXcmsSetObject
  #, params = retcorGroupParameters
  , nSlaves = n.slaves
  , subdir = NULL
  , plot = FALSE)
})




               , resultRetcorGroup$best_settings
               , "IPO_optimizedParams.txt"
               , sep = "\t"
               , row.names=FALSE) # end writeParamsTable
3 Create a table of metadata
4 Run XCMS. You will need to input your own processing parameters, possibly obtained IPO in the 
previous step. FYI, this script includes lines of code that are commented out for various reasons (e.g., 
experimental features, debugging, comments, etc.). This section especially requires a good working 
understanding of R, since much of the parameters/settings will need to be modified to suit your needs.
# INPUT YOUR OWN VALUES IN THE LINES BELOW -------------------------
file.dir <- "[/full/path/to/raw/data/input/directory/]"  
save.dir <- "[/full/path/to/processed/data/output/directory/]" 
run.name <- "[character_string]" # will become part of output file names
path.to.metadata <- "[/full/path/to/metadata/file/]"
file.name.column <- "file.name" # a character string corresponding to name of 
column in metadata "key" file containing file names; this is used in the 





for GNPS/FBMN custom functions
n.cores <- if(20 < (bpparam("MulticoreParam"))$workers){20} else 
{(bpparam("MulticoreParam"))$workers}
register(bpstart(MulticoreParam(n.cores))) 
# REMEMBER TO ALSO DEFINE sample.groups IN DATA IMPORT SECTION AFTER "onDisk" 
OBJECT CREATED
load(path.to.metadata)
### DATA IMPORT --------------------------------------------------
### if analyzing ALL files in directory
setwd(file.dir)




### the step below uses very little RAM and only a single core,
### even with 78 samples (1.2 minutes)
setwd(file.dir)
timer <-proc.time()
raw.data <- readMSData(files=file.paths, mode="onDisk")  # creates an 
"OnDiskMSnExp" object to store info about the files (object is much smaller 
than raw files)
timer <- proc.time() - timer   # calculate difference in time
timer <- timer[[3]]/60         # convert seconds to minutes
print("minutes for peak detection:")
print(timer)  
raw.data <- filterEmptySpectra(raw.data) # this step removes empty spectra, 
which can cause errors during Obiwarp peak alignment
setwd(save.dir)
save(raw.data, file=paste(run.name, "_rawData_onDiskObject.obj", sep=""), 
compress=TRUE)
print("size of raw.data object, in bytes:")
print(object.size(raw.data))
sample.groups <- gsub("_v.*", "", file.paths) # defines groups according to 
unique samples (i.e., triplicate injections will be part of same group)
### CHROMATOGRAPHIC PEAK DETECTION -----------------------------------
cwp <- CentWaveParam(
  peakwidth       = c(4, 63.5),                                               
  ppm             = 39.5,   
  noise           = 500, # IPO suggested 0, but I kept getting errors
  snthresh        = 10,        
  mzdiff          = -0.00375,                                                 
  prefilter       = c(3, 100),                                                
  mzCenterFun     = "wMean",
  integrate       = 1,
  fitgauss        = FALSE                                                     
) # end CentWaveParam                                                     
#### the findChromPeaks step bellow seems NOT to be RAM intensive
#### (~21 GB for 25 samples in parallel; 2.7 minutes)




xdata <- findChromPeaks(raw.data, param=cwp) # the main peak detection step; 
takes considerable ammount of time
timer <- proc.time() - timer   # calculate difference in time
timer <- timer[[3]]/60         # convert seconds to minutes
print("minutes for peak detection:")
print(timer)    
setwd(save.dir)
save(xdata, file=paste(run.name, "_xdata_1chromPeakDetect.obj", sep=""), 
compress=TRUE)
# ALIGNMENT --------------------------------------------------------
### perform alignment using "obiwarp" method
### the adjustRtime call below does NOT appear to be RAM intensive 
### (~25GB for 25 samples; 1.8 minutes) 
### and does appear to use all available cores
###  with 78 samples, adds an additional ~25GB RAM (total 73GB occupied after 
completion)
owp <- ObiwarpParam(
  distFun       = "cor_opt",
  binSize       = 0.77,  #IPO output was for 'profstep' param
  #center         = 1,    #IPO said 1, which corresponds to the blank
  response       = 1,
  gapInit        = 1.2736,
  gapExtend      = 2.208,
  factorDiag     = 2,
  factorGap      = 1,
  localAlignment = FALSE
) #end of ObiWarpParam
timer <- proc.time()
xdata <- adjustRtime(xdata, param=owp)
timer <- proc.time() - timer   # calculate difference in time
timer <- timer[[3]]/60         # convert seconds to minutes
print("minutes for peak alignment:")
print(timer)
setwd(save.dir)
save(xdata, file=paste(run.name, "_xdata_2aligned.obj", sep=""), 
compress=TRUE)
# CORRESPONDENCE -----------------------------------------------------
#### to drop all pre-processing results below here from the xdata object 
(e.g., to redo the correspondence & peak filling) run the 2 lines below
#xdata <- dropFeatureDefinitions(xdata)
#xdata <- dropFilledChromPeaks(xdata)
### this groupChromPeaks part uses little RAM (UNLESS MANY SAMPLE GROUPS!!!),
### one core, and completes quickly
pdp <- PeakDensityParam(
  sampleGroups = sample.groups, 
  bw      = 0.25,
  binSize = 0.04988,  # corresponds to mzwid in IPO
  minFraction = 1,  # 1 = peak feature has to be present in all samples within
a group
  #minSamples = 5,      
  maxFeatures = 50)
timer <- proc.time()
xdata <- groupChromPeaks(xdata, param = pdp)
timer <- proc.time() - timer   # calculate difference in time
timer <- timer[[3]]/60         # convert seconds to minutes
print("time for correspondence, minutes:")
print(timer)
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print("number of NA features BEFORE peak filling")
print(sum(is.na(featureValues(xdata))))
setwd(save.dir)
save(xdata, file=paste(run.name, "_xdata_3correspondence.obj", sep=""), 
compress=TRUE)
#PEAK FILLING -------------------------------------------------------
# suggestion from Johannes Rainer on GitHub
### this filling step seems to use all available cores, 
### but the RAM usage is only ~ 32GB for 25 parallel processes
### and took 7 minutes
### for 78 samples, took 26 minutes and occupied an additional 45GB ram (118GB
total)
timer <- proc.time()
xdata <- fillChromPeaks(xdata, param = FillChromPeaksParam(fixedRt = 2, 
fixedMz = 0.02))
timer <- proc.time() - timer   # calculate difference in time
timer <- timer[[3]]/60         # convert seconds to minutes
print("minutes for peak filling:")
print(timer)
print("number of NA features AFTER peak filling")
print(sum(is.na(featureValues(xdata)))) # number of NA values AFTER filling
setwd(save.dir)
save(xdata, file=paste(run.name, "_xdata_4filled.obj", sep=""), compress=TRUE)
## Missing values BEFORE filling in peaks
#before.filling <- apply(featureValues(xdata, filled = FALSE), MARGIN = 2,
#      FUN = function(z) sum(is.na(z)))
## Missing values AFTER filling in peaks
#after.filling <- apply(featureValues(xdata, filled = TRUE), MARGIN = 2,
#      FUN = function(z) sum(is.na(z)))
#print("number of missing features BEFORE peak filling")
#print(before.filling)
#print("number of missing features AFTER peak filling")
#print(after.filling)
# EXTRACT MATRIX OF FEATURES (i.e., peak table), UNFILLED --------------
load(path.to.metadata)
results <- featureValues(xdata     # object to extract from
  , filled=FALSE                   # should filled peak values be included?
  , missing=NA                     # what should be returned for missing 
values?
  , value="into"                  # this line suggested by CoreyG, 
Metabolomics Society Forum: http://www.metabolomics-forum.com/index.php?
topic=1300.15
) # END OF CALL TO featureValues
results <- data.frame(t(results))            # transpose it
defs.full <- featureDefinitions(xdata)
features.key <- paste(round(defs.full@listData[[4]]/60, digits=2), "_", 
round(defs.full@listData[[1]]
  , digits=4), sep="")  # create feature names in format "rt_mz"
colnames(results) <- features.key   # replace "FT..." names with "rt_mz" names
#load(file="/home/taylanmorcal/XCMS/hopLeafMetabolomics/
metadata_key_hopLeafMetabolomics.obj") # load the metadata/key (object 'key')
PTnofill <- merge(x=key, by.x=file.name.column   # params for 1st dataframe to
merge
  , y=results, by.y="row.names")                 # params for 2nd dataframe to
merge   
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setwd(save.dir)
save(PTnofill, file=paste(run.name, "_peakTable_notFilled.obj", sep=""), 
compress=TRUE)
write.csv(PTnofill, file=paste(run.name, "_peakTable_notFilled.csv", sep=""))
# EXTRACT MATRIX OF FEATURES (i.e., peak table), FILLED --------------
load(path.to.metadata)
results <- featureValues(xdata     # object to extract from
  , filled=TRUE                    # should filled peak values be included?
  , missing=NA                     # what should be returned for missing 
values?
  , value="into"                  # this line suggested by CoreyG, 
Metabolomics Society Forum: http://www.metabolomics-forum.com/index.php?
topic=1300.15
) # END OF CALL TO featureValues
results <- data.frame(t(results))            # transpose it
defs.full <- featureDefinitions(xdata)
features.key <- paste(round(defs.full@listData[[4]]/60, digits=2), "_", 
round(defs.full@listData[[1]]
  , digits=4), sep="")  # create feature names in format "rt_mz"
FT.numbers.names.key <- data.frame(cbind(FT.name=colnames(results)
                              , FT.number=gsub("^FT", "",colnames(results))
                              , rt.mz=features.key)
                              , stringsAsFactors=FALSE) # this key is for 
translating between "FT..." and "rt_mz" style feature names 
FT.numbers.names.key$FT.number <- as.numeric(FT.numbers.names.key$FT.number)
colnames(results) <- features.key   # replace "FT..." names with "rt_mz" names
#load(file="/home/taylanmorcal/XCMS/hopLeafMetabolomics/
metadata_key_hopLeafMetabolomics.obj") # load the metadata/key (object 'key')
PTfill <- merge(x=key, by.x=file.name.column   # params for 1st dataframe to 
merge
  , y=results, by.y="row.names")                 # params for 2nd dataframe to
merge   
setwd(save.dir)
save(PTfill, file=paste(run.name, "_peakTable_Filled.obj", sep=""), 
compress=TRUE)





### EXPORT MS and MS/MS data ------------------------------------------
# this section adapted from a tutorial on GitHub from the Dorrenstein Lab
# https://github.com/DorresteinLaboratory/XCMS3_FeatureBasedMN/blob/master/
XCMS3_Preprocessing.ipynb
# OPTIONAL STEPS FOR FILTERING TO INCLUDE ONLY MS2 FILES
# use this section if xdata includes files with MS2 data (e.g., DDA) and 
without (e.g., MSe)
# Comment in these next few lines if working on a different machine than the 












#xdata@processingData@files <- gsub(orig.dir, new.dir, fileNames(xdata)) # 
change file paths to local (laptop) directory
j <- grep("TMD.*DDA_NEG_SENS", fileNames(xdata)) # index of DDA files
MS2.file.paths <- fileNames(xdata)[j] # file paths of DDA files
MS2.file.names <- gsub(".*/", "", MS2.file.paths) # names of DDA files
fd <- featureDefinitions(xdata) # extract feature defs as a new object
fv <- featureValues(xdata) # extract feature values as a new object
fv.filtered <- fv[, colnames(fv) %in% MS2.file.names] # filter feature values 
to include only DDA samples
cp <- chromPeaks(xdata) # extract chromatographic peaks as a new object
cp <- cbind(rowid=seq(nrow(cp)), cp) # add a temporary column to cp for 
matching with 'peakidx' in feature definitions (suggested by CoreyG)
cp.filtered <- cp[which(cp[,"sample"] %in% j),] # filter cp to include only 
DDA samples
peakidx.filtered <- list() # create object to store results of loop below
for(i in 1:length(fd@listData$peakidx)){
     temp <- match(fd@listData$peakidx[[i]], cp.filtered[,"rowid"])
     peakidx.filtered[[i]] <- temp[which(!is.na(temp))]
} # end loop; this filters to include only peakidx in fd that correspond to 
peaks in DDA samples
fd.filtered <- fd # duplicate original feature definitions
fd.filtered@listData$peakidx <- peakidx.filtered # overwrite peakidx in 
duplicated fd with filtered peakidx generated by loop above
xdata.filtered <- filterFile(xdata, MS2.file.names, keepAdjustedRtime=TRUE) # 
create a new xdata object with only DDA samples; correspondence results are 
removed and will be added back in below
file_factor <- factor(cp.filtered[, "sample"]) # outputs a vector to match 
peak number with sample number
cp.filtered.split <- split.data.frame(cp.filtered, f=file_factor) # splits 
cp.filtered (a dataframe) into a list of dataframes (one for each remaining 
DDA sample)
cp.filtered.v2 <- c() # new object for storing results
for(i in 1:length(cp.filtered.split)){
    cp.filtered.split[[i]][,"sample"] <- i
    cp.filtered.v2 <- rbind(cp.filtered.v2, cp.filtered.split[[i]])
} #end loop; renumbers samples in filtered cp list, starting at 1
chromPeaks(xdata.filtered) <- cp.filtered.v2 # END GOAL !!!
featureDefinitions(xdata.filtered) <- fd.filtered # END GOAL !!!
# export MS1 and MS2 features
setwd(save.dir)
filteredMs2Spectra <- featureSpectra(xdata.filtered, return.type = "Spectra")
filteredMs2Spectra <- clean(filteredMs2Spectra, all = TRUE)
dda.features <- unique(filteredMs2Spectra@elementMetadata@listData$feature_id)
# the MS1 featrures that have associated MS2 data
filteredMs2Spectra <- formatSpectraForGNPS(filteredMs2Spectra)
#writeMgfData(filteredMs2Spectra, paste(run.name, "_ms2spectra_all.mgf", 
sep=""))




featuresIntensities <- featureValues(xdata.filtered, value = "into")
dataTable <- merge(featuresDef, featuresIntensities, by = 0, all = TRUE)
dataTable <- dataTable[, !(colnames(dataTable) %in% c("peakidx"))]
#write.table(dataTable, paste(run.name, "_xcms_all.txt", sep=""), sep = "\t", 
quote = FALSE, row.names = FALSE) # UPLOAD TO GNPS for FBMN
dataTable.filtered <- dataTable[dataTable$Row.names %in% dda.features,] # 
include only features with associated MS2 data
write.table(dataTable.filtered, paste(run.name, 
"_xcms_all_onlyFeaturesWithMS2data.txt", sep=""), sep = "\t", quote = FALSE, 
row.names = FALSE) # UPLOAD TO GNPS for FBMN
#export MS2 features only
setwd(save.dir)
filteredMs2Spectra_maxTic <- combineSpectra(filteredMs2Spectra,
                                            fcol = "feature_id",
                                            method = maxTic)
writeMgfData(filteredMs2Spectra_maxTic, paste(run.name, 
"_ms2spectra_maxTic.mgf", sep="")) # UPLOAD TO GNPS for FBMN
filteredDataTable <- dataTable[which(dataTable$Row.names %in% 
filteredMs2Spectra@elementMetadata$feature_id),]
write.table(filteredDataTable, paste(run.name, "_xcms_onlyMS2.txt", sep=""), 
sep = "\t", quote = FALSE, row.names = FALSE) #NOTE: apparently this is the 
table that can be used with GNPS/FBMN
#export MS2 consensus spectra ("this feature is experimental at present")
setwd(save.dir)
filteredMs2Spectra_consensus <- combineSpectra(filteredMs2Spectra, fcol = 
"feature_id", method = consensusSpectrum,mzd = 0, minProp = 0.8, ppm = 10)
writeMgfData(filteredMs2Spectra_consensus, paste(run.name, 
"_ms2spectra_consensus.mgf", sep=""))
consensusDataTable <- dataTable[which(dataTable$Row.names %in% 
filteredMs2Spectra_consensus@elementMetadata$feature_id),]
write.table(consensusDataTable, paste(run.name, "_xcms_consensusMS2.txt", 
sep=""), sep = "\t", quote = FALSE, row.names = FALSE)
# extract a filled peak table (in format for EZinfo/etc.) filtered for only 
features with associated MS2 spectra
dda.features.rtmz <- FT.numbers.names.key[FT.numbers.names.key[,1] %in% 
dda.features, "features.key"]
g <- grep("\\d[.]\\d", colnames(PTfill))
P <- PTfill[,g]
P.filtered <- P[,colnames(P) %in% dda.features.rtmz]






# extract an UNfilled peak table (in format for EZinfo/etc.) filtered for only
features with associated MS2 spectra
dda.features.rtmz <- FT.numbers.names.key[FT.numbers.names.key[,1] %in% 
dda.features, "features.key"]
g <- grep("\\d[.]\\d", colnames(PTnofill))
P <- PTnofill[,g]
P.filtered <- P[,colnames(P) %in% dda.features.rtmz]







(2.3) DATA PRE-PROCESSING - MS-DIAL
Currently, MS-DIAL is the only data pre-processing tool available to us that can process MSe data for 
FBMN, and the instructions given below are specifically for this purpose. MS-DIAL is only available for 
Windows. .abf files are preferred, but it should also work with .mzML files.
1 If not already done so, download (http://prime.psc.riken.jp/compms/msdial/main.html) and extract the 
latest version of MS-DIAL to your computer.
2 If you do not already have a tab-delimited “experiment file”, set one up. Below is an example of a file 
that can be used for MSe data; you can copy/paste this into a .txt file and save (tab in between “ID”, “MS 
type”, “Start mz”, and “End mz” columns). For other types of experiments, consult the MS-DIAL tutorial 
(https://mtbinfo-team.github.io/mtbinfo.github.io/MS-DIAL/tutorial).
ID MS type Start mz End mz
0 SCAN 100 1500
1 MSE 100 1500
3 Start MS-DIAL by opening the “MSDIAL.exe” file.
4 File --> New project
5 “Start up a project” window. The following are typical settings for processing centroided MSe data 
collected by UPLC-QTof-MS. Once all parameters are set, click “Next”.
5.a Project file path: directory in which your raw data files are located; you can change the name of 
the project file here.
5.b Ionization type: soft
5.c Separation type: chromatography
5.d MS method type
d.i SWATH-MS or conventional all-ions method
d.ii Experiment file: [browse and select file created in step 2]
5.e Data type (MS1): centroid
5.f Data type (MS/MS): centroid
5.g Ion mode: [select based on your data]
5.h Target omics: metabolomics
6 In the next window, browse and select all of the raw data files (preferrably .abf, but .mzML may work 
too) that you want to process. For each file, change the sample type as needed; sample type cannot be 
changed once the analysis is finished.
7 “Analysis parameter setting” window. The settings given below are typical, suggested settings for MSe 
data from UPLC-QTof-MS. Adjust these settings as needed for your data. Not all the parameters are listed
below, only the most critical one. After setting these parameters, click “Finish” to begin processing. 
Depending on your settings and the number of samples, this could take several hours or even days.
7.a “Data collection” tab
a.i MS1 and MS2 tolerance (Da): 0.05
a.ii Number of threads: 4 [can increase if more processor cores are available]
7.b “Peak detection” tab
b.i Minimum peak height (amplitude): 500 or greater [lower than 500 is likely all noise]
b.ii Mass slice width (Da): 0.1
7.c “MS2Dec” tab
c.i Sigma window value: 1.0
c.ii MS/MS abundance cut off (amplitude): 0
7.d “Identification” tab
d.i MSP file and MS/MS identification setting
i.1 Retention time tolerance (min): 0.05
i.2 Accurate mass tolerance MS1/MS2 (Da): 0.05
d.ii Advanced
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ii.1 Retention time tolerance (min): 0.1
ii.2 Accurate mass tolerance (Da): 0.01
7.e “Adduct” tab (recommendations from J. Lee, R. R. da Silva, H. S. Jang, H. W. Kim, Y. S. Kwon, 
J.-H. Kim, H. Yang, In silico annotation of discriminative markers of three Zanthoxylum species 
using molecular network derived annotation propagation. Food Chemistry. 295, 368–376 
(2019).)
e.i For negative mode data: [M-H]-, [M-H2O-H]-, [M+FA-H]-, [2M-H]-, [2M+FA-H]- 
e.ii For positive mode data: [M+H]+, [M+Na] +, [2M+H]+ , [2M+Na]+ 
7.f “Alignment” tab
f.i Results name: [give a name for the alignment output file]
f.ii Reference file: [choose one of your data files to use as a reference for retention time 
alignment; a QC file could be a good choice]
f.iii Retention time tolerance (min): 0.05
f.iv MS1 tolerance (Da): 0.015
f.v Remove features based on blank information: 
v.1 [checked]
v.2 Sample max / blank average (fold change): 5
f.vi Gap filling by compulsion: [checked]
7.g “Isotope tracking” tab
g.i Tracking of isotope labels: [unchecked]
8 After the data processing is complete, go to Export --> Alignment results. In the window that pops up, 
select the following options and then click “Export”
8.a Directory: where the exported files will be saved
8.b File: the project/alignment file that you are exporting from
8.c Export options to select: GNPS export; [you may also want to select other output options 
depending on your needs]
8.d Export format: mgf
8.e Spectra type: deconvoluted
(3.1) INTER- AND INTRA-BATCH INTENSITY DRIFT CORRECTION
This is an R-based tool. There are other, similar tools available, but I have not used them before. Some 
knowledge of the R language is required for this section.
1 Install the batchCorr package in R (copied verbatim from the batchCorr tutorial document):
 Install the release version of ‘devtools’ from CRAN:
install.packages("devtools")
 Make sure that a working development environment has been properly installed.
◦ Windows: Install Rtools: https://cran.r-project.org/bin/windows/Rtools/).
◦ Mac: Install Xcode from the Mac App Store.
◦ Linux: install the R development package, usually called ‘r-devel’ or ‘r-base-dev’.
 Install batchCorr from Gitlab.
library(devtools)
install_git("https://gitlab.com/CarlBrunius/batchCorr.git")
2 Run the following script in R. This section in particular requires a good understanding of how to use R. 
The code will need to be modified to suit the user’s needs. In my experience, successfully using this script
often calls for a lot of debugging. Note that for multiple batches, the “BATCH ALIGNMENT” section will 
only work if you have both a gap filled and unfilled version of your peak table. I have only figured out how 
to generate separate filled and unfilled peak tables using XCMS (see that section for more details). It 
should be possible for other tools as well, but I haven’t figured that out. So if performing batch correction 
over multiple batches without an unfilled peak table, just skip the “BATCH ALIGNMENT” section.
################
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the filled peak table
run.name <- "XCMS_optimizedIPO_hopLeafDroughtMetabolomics"
PTfill <- PTfill # peak table containing filled peak areas
batch.names <- c("20190818", "20191106", "20191107", "20191113") # use if 
processing separate batches individually
batch.n <- 4 # use if processing separate batches individually
## filter & sort









###eliminate factors that were filtered out ----------------
str(PTfill)     # What's the structure BEFORE
fact <- c()                                              # create an empty 
vector
for(i in 1:length(PTfill)) {                                # run through all 
the columns in dfr
   if (is.factor(PTfill[,i])==TRUE){fact <- c(fact, i)}     # for each column,
is it a factor? If so, add the index number of that column to the 'fact' 
vector                                                
   } # end of for loop
  
for(i in fact)                      # run through all the columns that are 
factors
  {PTfill[,i] <- factor(PTfill[,i])}      # for each factor, re-factor it to 
remove unused factors
str(PTfill)    # What's the structure AFTER (compare to that of before to make
sure the factors changed)
## ensure that first and last sample are QC's
qc.name <- "QC_singleVar"
last.row <- dim(PTfill)[1]
if(PTfill$sample.type[last.row] != qc.name){ # this part checks if last sample
is QC and if not, copies the last QC to the end of the list
         qc.sample.index <- PTfill$sample.type == qc.name  # vector of 
TRUE/FALSE values
         last.qc <- max(which(qc.sample.index)) # index of last QC sample
         PTfill[(last.row + 1),] <- PTfill[last.qc,] # append a copy of the 
last QC sample to the end of the batch
         PTfill$injection.order[(last.row + 1)] <- 
(PTfill$injection.order[last.row])+1        # correct the injection.order of 
this copy
} # end if 
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if(PTfill$sample.type[1] != qc.name){    # this part checks if first sample is
QC and if not, copies the first QC to the beginning of the list
         qc.sample.index <- PTfill$sample.type == qc.name  # vector of 
TRUE/FALSE values
         first.qc <- min(which(qc.sample.index)) # index of first QC sample
         PTfill <- rbind(PTfill[first.qc,], PTfill) # copy the first QC sample
to the head of the list
         PTfill$injection.order[1] <- (min(PTfill$injection.order)-1) # adjust
the injection order of the newly created copy
} # end if
## within-batch intensity drift correction
g <- grep("\\d[.]\\d", colnames(PTfill)) 
corrected <- correctDrift(peakTable = PTfill[,g]
                         , injections = PTfill$injection.order
                         , sampleGroups = PTfill$sample.type
                         , QCID = qc.name
                         , G = seq(2,35,by=2)
                         , modelNames = NULL
                         , report=FALSE
                          ) # end correctDrift call
PTnorm <- cbind(PTfill[,-g], corrected$TestFeatsFinal)
save(PTnorm
     ,file=paste(run.name
                 , "_batch.", batch.names[batch.n], ".", 
levels(PTfill$accession)  
                 , "_peakTable_batchCorrNormalized_TestFeatsFinal.obj"
                 , sep="")
     ,compress=TRUE
) # end save
write.csv(PTnorm
         , file=paste(run.name
                      , "_batch.", batch.names[batch.n], ".", 
levels(PTfill$accession)  




     , file=paste(run.name
                  , "_batch.", batch.names[batch.n], ".", 
levels(PTfill$accession)  
                  , "_batchCorr_fullResults.obj", sep="")
     , compress=TRUE
) # end save
### Remove all features not at least 3-fold higher than signal detected in 
blanks
dfr <- PTnorm
sample <- gsub("_v.*", "", dfr$mzML_name) # defines groups according to unique
samples (i.e., triplicate injections will be part of same group)
j <- which(dfr$yak.koot.type == "Blank")
g <- grep("\\d.\\d", colnames(dfr))
D <- dfr[,g]
dfr.means <- aggregate(D, by=list(sample=sample), FUN=mean, na.rm=TRUE)
D.means <- dfr.means ; D.means$sample <- NULL
blank.mean <- D.means[grep("blank", dfr.means$sample),]
max.all.samples <- sapply(D.means, FUN=max, na.rm=TRUE)
max.to.blank.ratio <- as.numeric(as.vector(max.all.samples/blank.mean))
k <- which(max.to.blank.ratio > 3 | is.nan(max.to.blank.ratio)) # the is.nan 
part retains features for which the blank is NaN
dim(D)[2] - length(k) # number of features to be filtered out
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D.filt <- D[,k]
PT.filteredLOD <- cbind(dfr[,-g], D.filt)
PT.filteredLOD
#################








PTfill <- PTfill # peak table object with peaks filled
PTnofill <- PTnofill # peak table object with peaks NOT filled




run.name <- "MSDIAL_run20200221_droughtEpxt" # descriptor of run (will become 
part of saved file names)
## indices for columns containing features (i.e., mz/rt pairs)
if(all(colnames(PTfill) == colnames(PTnofill))){ # check that column names are
same
g <- grep("\\d[.]\\d", colnames(PTfill))  # index of column names containing 
pattern
} else {g <- NULL} # end of if/else statement
## index for column containing file names
f <- which(sapply(PTfill[,-g], function(x){length(grep("mzML$",x)  ) == 
length(x) })) # index of column corresponding to file names
### filtering---------------------------------------------
dim(PTfill) # BEFORE filtering
j <- which(PTfill[,batch.column.name] != "20200102")
PTfill <- PTfill[j,]
unique(PTfill[,batch.column.name])
dim(PTfill) # AFTER filtering
dim(PTnofill) # BEFORE filtering
j <- which(PTnofill[,batch.column.name] != "20200102")
PTnofill <- PTnofill[j,]
unique(PTnofill[,batch.column.name])
dim(PTnofill) # AFTER filtering
### sorting ---------------------------------------------












if(all(PTfill[,f] == PTnofill[,f])){ # does order of file names match?
  j <- order(PTfill[,batch.column.name], PTfill[,injection.order.column.name])
  PTfill <- PTfill[j,]
  PTnofill <- PTnofill[j,]
  print(all(PTfill[,f] == PTnofill[,f]))
} else {print("The two peak tables DO NOT CORRESPOND")}# end if/else
meta <- PTfill[,-g]  # dataframe of meta data
#### BATCH ALIGNMENT -------------------------------------
# Extract peakinfo (i.e., m/z and rt of features)
peakIn <- read.table(text=colnames(PTfill)[g]
  , sep="_"
)# end of call to read.table
colnames(peakIn) <- c("mz", "rt")
# Perform multi-batch alignment
alignBat <- alignBatches(peakInfo = peakIn
  , PeakTabNoFill = PTnofill[,g]
  , PeakTabFilled = PTfill[,g]
  , batches = meta[,batch.column.name]
  , sampleGroups = meta[,sample.types.column.name]
  , selectGroup = QC
) # end of alignBatches function call
# Extract new peak table
PT <- alignBat$PTalign
change <- dim(PTfill[,g])-dim(PT)
paste("number of samples same before and after?      ", change[1]==0)
paste("number of features that were combined = ", change[2])
#### DUPLICATE LAST QC TO THE END OF EACH BATCH--------------
qc.last <- function(meta, PT, qc.name){
  stopifnot(is.character(qc.name))  # verify that samples are in same order in
all lists
  batch.list <- unique(meta$batch)
  meta.corrected <- data.frame()
  PT.corrected <- data.frame()
  for(i in 1:length(batch.list)) {
      j <- meta$batch==batch.list[i]     # row numbers of samples in current 
batch
      meta.i <- meta[j,]                 # subset metadata dataframe 
containing only samples in current batch
      PT.i <- PT[j,]                     # subset peaktable containing only 
samples in current batch
      N <- dim(meta.i)[1]                # number of samples in the subset 
dataframe
      if(meta.i$sample.type[N] != qc.name){   # is the last sample NOT a QC?
         qc.sample.index <- meta.i$sample.type==qc.name  # vector of 
TRUE/FALSE values
         last.qc <- max(which(qc.sample.index==TRUE)) # index of last QC 
sample
         meta.i <- rbind(meta.i, meta.i[last.qc,]) # append a copy of the last
QC sample to the end of the batch
         meta.i[,injection.order.column.name][N+1] <- 
(meta.i[,injection.order.column.name][N])+1        # correct the 
injection.order of this copy
         PT.i <- rbind(PT.i, PT.i[last.qc,]) # append a copy of the last QC 
sample to the end of the batch
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      } # end "if" statement
   meta.corrected <- rbind(meta.corrected, meta.i)
   PT.corrected <- rbind(PT.corrected, PT.i)
   } # end for loop
   stopifnot(
      (dim(meta.corrected) - dim(meta))[1] <= length(batch.list),
      (dim(PT.corrected) - dim(PT))[1] <= length(batch.list)
   ) # end "stopifnot" function 
   return(list(meta=meta.corrected, PT=PT.corrected))
} # end function definition "qc.last"
corrected <- qc.last(meta, PT, QC) # run the function above
meta <- corrected$meta  # replace with corrected meta data frame
PT <- corrected$PT      # replace with corrected peak table
#### WITHIN-BATCH INTENSITY DRIFT CORRECTION --------------
batch.list <- unique(meta[,which(colnames(meta) == batch.column.name)])
n <- length(batch.list)
CORRECTED <- vector("list", n)  # initialize a list with number of elements 
equal to number of batches
names(CORRECTED) <- make.names(paste("batch", batch.list))  # without 
"make.names" function, names are included with quotation marks
for(i in 1:n){
    batch.i <- getBatch(#peakTable = data.frame(t(na.omit(t(PT)))) # NOT SURE 
WHY THIS WAS HERE (seems to work just fine without omitting NA values)
                        peakTable = PT
                         , meta = meta
                         , batch = meta[,batch.column.name]
                         , select = batch.list[i]
                       ) # end getBatch call
    corrected.i <- correctDrift(peakTable = batch.i$peakTable
                             , injections = 
batch.i$meta[,injection.order.column.name]
                             , sampleGroups = batch.i$meta$sample.type
                             , QCID = QC
                             , G = seq(2,35,by=2)
                             , modelNames = NULL 
                             , report=FALSE
                             , CVlimit=0.3 # 0.3 by default; corresponds to CV
AFTER correction
                            ) # end correctDrift call
    CORRECTED[[i]] <- corrected.i   # add the new corrected.i object to the 
list
}# end of "for" loop
##### MERGE AND NORMALIZE CORRECTED DATA -------------------
mergedData <- mergeBatches(CORRECTED) 
normData <- normalizeBatches(peakTable = mergedData$peakTable
  , batches = meta[,batch.column.name]    # column with batch designators
  , sampleGroup = meta[,sample.types.column.name]    # column with sample 
types
  , refGroup = QC   # sample.type of QC samples
  , population = QC  # if QC samples within a batch fail the CV criterion, 
that batch will be normalized by the population median of the sample group 
specified in this arg
  #, CVlimit = 1 # default 0.3 (i.e., CV < 0.3); coefficient of variation 
limit; corresponds to CV AFTER correction
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  #, FCLimit = 5 # default = 5; this is a fold-change limit, used to 
)# end call to "normalizeBatches"
## number of features corrected to QC sample in each batch
## if 0, that means that features were corrected to population median
for(i in 1:length(batch.list)){
  print(
    paste("batch", batch.list[i],sum(normData$refCorrected[i,])
    ) # end "paste"
  ) # end "print"
} # end "for"
PTnorm <- cbind(meta, normData$peakTable)
save(PTnorm
, file=paste("peakTable_", run.name, "_batchCorrNormalized.obj", sep="")
, compress=TRUE) # end "Save"
write.csv(PTnorm
, file=paste("peakTable_", run.name, "_batchCorrNormalized.csv", sep="")
) # end write.csv
(4.1) MULTIVARIATE STATISTICAL ANALYSES: EZinfo 3.0
EZinfo is a program that is used for doing multivariate statistical analyses such as PCA and OPLS-DA. It 
is the “XS” (ie. “extended statistics”) component of MarkerLynx XS. EZinfo is integrated with MarkerLynx 
such that a peak table from MarkerLynx can easily be transferred to EZinfo; the same should also be true 
for Progenesis QI. EZinfo can also import data from spreadsheet-like files (eg. xls, csv, txt); this feature is 
useful when programs other than MarkerLynx or Progenesis (eg. XCMS, MS-DIAL) were used to 
generate the peak tables. EZinfo is only available for Windows. It has a GUI only.
1 If data are NOT being directly transferred from MarkerLynx/Progenesis, you will need to use the 
steps below to import your data. If you ARE transferring from MarkerLynx/Progenesis, skip ahead 
to step 2 (“For PCA”).
1.A Open EZinfo
1.B Create new project
1.C In the Create new project window that pops up:
C.I Click the “…” button in the “Provide your data” section. Find the file containing your peak 
table data; most commonly this would be a tab-separated txt file, a csv file, or an Excel 
spreadsheet. Click Open.
C.II Click the “view spreadsheet and make corrections” link. In the new window that pops up, 
check to make sure each column and row are formatted correctly. For typical 
metabolomics data, the top row should be formatted as primary variable names (ie. name
of each column) in dark green, the columns with metadata about your samples should be 
formatted as observations in yellow, and the columns with peak areas should be 
formatted as continuous data in white. If this is not the case, you can select rows or 
columns and click the appropriate button on the top of the window to change these 
formats. When you are finished, click the “Close Format Spreadsheet View” button. If you
have changed any of the formats, you will be asked if you want to save these changes; 
click Yes.
C.III Under “Specify your objective”, you can make changes to the type of analysis that
you want to do and the type of scaling used. The default settings PCA and pareto scaling.
If you click the “View and change the selected template” button, you can change the 
scaling as well as some other parameters. However, these can all be changed later, so 
unless you have a specific reason to change them here, just use the default settings.
C.IV Under “Get the results”, you can change the name/location for saving the 
resulting file.
C.V Click “Finish and View Report” at the bottom of the page.
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2 For PCA
2.A To view the scores plot, navigate to the “Plots and Spreadsheets” tab, and click the “Scores” 
button at the top left. By default, this brings up a 2D plot of PC1 vs. PC2. If you want to 
display other plots, click the down arrow just underneath the “Scores” button, and select the 
desired plot type.
A.I Under “Settings” on the right side, you can select observation columns to use for labeling 
and coloring the data points, show/hide the model statistics, and show/hide the legend. 
A.II If you want, you can add additional metadata (ie. observation name) columns by clicking 
the “Dataset” button. In the new tab that opens, click “Add observation name column” on 
the right panel. Input a name for the new observation column, and click OK. In the new 
column that is created, you can manually add in the metadata or paste them in from 
another source (eg. spreadsheet). When you are finished adding in the new metadata, 
you must save the changes by clicking the “X” next to “Dataset*” at the top of the tab and 
then selecting “Yes” in the popup window.
A.IIISelecting specific data points (eg. for exclusion, OPLS-DA, etc.) 
III.1 There are at least two ways to select specific points.
1.i At the bottom of the “Settings” panel, click the “Find” tab to bring up the “Find 
Observations” panel. This tab allows you to use boolean searches to select 
specific data points based on observation/metadata categories. 
1.ii At the top of the page, navigate to the “Tools” tab. Click the arrow under the 
“Select” button on the top left. In the dropdown menu, click the type of selection 
that you want to use. Then on the scores plot, select the desired point.
III.2 When points are selected, this brings up a “Marked points” tab. In this tab you can 
exclude certain points from the model by clicking the “Exclude and Refit” button near 
the top of the window. 
2.i To add all excluded points back in, navigate to the “Model” tab at the top of the 
window and click the “Re-include observations” button near the top.
2.B To view the loadings plot, navigate to the “Plots and Spreadsheets” tab, and click the 
“Loadings” button at the top. By default, this brings up a 2D plot of PC1 vs. PC2. If you want 
to display other plots, click the down arrow just underneath the “Loadings” button, and select 
the desired plot type.
B.I Many of the functions described in the above section about scores plots can also be used
for loadings plots.
3 For OPLS-DA
3.A Using the directions above, select the points that you want to designate as part of the first 
OPLS-DA group (these points will appear on the left side of OPLS-DA S-plots and scores 
plots). In the “Group Differences” window that pops up, you can change the group names, the
name of the group names column, etc.; default values are fine too. Click OK. By default, a 
scores plot is generated; note that this is the scores plot for the OPLS-DA, not for the PCA.
3.B To bring up a variables plot (eg. loadings plot, S-Plot, or plot of VIP values), click the 
appropriate button at the top of the window. Note that the Loadings and VIP buttons also 
have dropdown menus with other options.
3.C To can obtain a table of data about specific variables (ie. mz/rt pairs), select the desired 
points in one of the plots, right-click on the selected points, “Create selection from” → “List”. 
This brings up a list of the selected points and associated parameter values (eg. VIP values, 
p[1], p(corr)[1]). This table can be selected, copied, and pasted into a separate spreadsheet.
3.D To obtain R2Y and Q2 values for the model, navigate to the “Report” tab. R2Y indicates how 
much of the total variance is accounted for in the model. Q2 indicates how much of the total 
variance between groups are predicted by the model. Basically, the higher these values, the 
better the model is.
4 Misc.
4.A The “Model” tab at the top of the window.
A.I To switch between models (eg. PCA and OPLS-DA), click the “Select model” button (top-
right) and select the desired model.
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A.II To change scaling and transformation, click the corresponding button (top-right). By 
default, the model used pareto scaling and no transformation. For a detailed discussion 
of these parameters, refer to: van den Berg, R. A., Hoefsloot, H. C., Westerhuis, J. A., 
Smilde, A. K., & van der Werf, M. J. (2006). Centering, scaling, and transformations: 
improving the biological information content of metabolomics data. BMC Genomics, 7, 
142. https://doi.org/10.1186/1471-2164-7-142
4.B There are many options for changing how plots look. You can double-click and/or right-click 
on various parts of the plot (eg. title, model statistics, data points, legend) to change size, 
shape, color, font, etc. There are many options, and you will need to explore this for yourself.
4.C To export a plot image, right-click somewhere in the plot area and select “Save as…”. In the 
window that pops up, change any settings that you wish (default is also fine), then click OK. 
You will then have the option to save the plot in various file formats. Note that .emf is a vector
format, which means that you will NOT lose resolution when you zoom in on the image; all of 
the other offered formats are raster formats, which means that you WILL lose resolution as 
you zoom in.
4.D To bring up a 3D plot, select the desired plot and then click the “3D Scatter” button near the 
top of the window.
(4.2) MULTIVARIATE STATISTICAL ANALYSES: R packages
R can be used to perform most/all of the analyses available in EZinfo. A working knowledge of R is 
required for this. Use the code below, and modify as needed. Note that there are a few places where the 
user will need to input information specific to their dataset.
### PCA-------------------------------------------------------------------
PTN <- PT # dataframe/peak table containing peak areas
scaled <- TRUE # should PCA be scaled?
centered <- TRUE # should PCA be centered?
j <- grep("\\d[.]\\d", colnames(PTN))  # index of column names containing 
pattern of feature names (may need to change pattern)
meta <- PTN[,-j]  # create a dfr of meta data
PT <- PTN[,j]     # create a matrix of feature values
PT <- data.frame(t(na.omit(t(PT))))  # transformation to get rid of NA values 
(they mess up PCA)
pca <- prcomp(PT, center=centered, scale=scaled)
### PLOTTING PCA RESULTS ----------------------------------------------------
library(ggplot2)
library(ggfortify)
pca.results <- pca # assign the proper prcomp object
plot.pca <- autoplot(pca.results  # object containing prcomp results
  , data=meta # object where metadata is stored, should be filtered to 
correspond to the prcomp object
  , colour="accession"   # color by metadata column name (use "")
  #, loadings = TRUE
  #, loadings.colour = 'blue'
  #, loadings.label = TRUE
  #, loadings.label.size = 3
) # end call to autoplot 








dfr.ropls <-    # NEED TO INPUT dataframe/peak table to use for opls-da
### ADD A STEP HERE to filter out any samples that you don't want to include 
in the OPLS-DA
groups <- as.factor(as.character(   )) # use this to define the TWO groups to 
compare using OPLS-DA
# Prep data for OPLS-DA
g <- grep("\\d[.]\\d", colnames(dfr.ropls)) # may need to change grep pattern 
depending on format of feature names
DFR <- as.matrix(dfr.ropls[,g]) # subset of dataframe containing only feature 
data
k <- c() # these lines remove any features with NA values
for(i in 1:dim(DFR)[2]){
    if(sum(is.na(DFR[,i])) == 0){k <- c(k, i)}




  , y=groups
  , orthoI=NA # number of orthogonal components; when set to NA, computed 
automatically using cross validation
  , scaleC="pareto" # "none" ;  "center" (mean center, no scaling); "pareto" 
(mean center, pareto scaling); "standard" (mean center, unit variance scaling)
  #, plotSubC=
  ) # end OPLS-DA
) # end try
if(inherits(out, "try-error")){ # this part repeats OPLS-DA with orthoI=1 if 
orthoI=NA fails
out <- opls(x=DFR
  , y=groups
  , orthoI=1 # number of orthogonal components; when set to NA, computed 
automatically using cross validation
  , scaleC="pareto" # "none" ;  "center" (mean center, no scaling); "pareto" 
(mean center, pareto scaling); "standard" (mean center, unit variance scaling)
  #, plotSubC=
  ) # end OPLS-DA
} # end if
# Extract relevant data from OPLS-DA
vip <- getVipVn(out, orthoL=FALSE) #VIP values
out.coef <- coef(out) # Coefficients of the (O)PLS(-DA) regression model
feature <- names(vip)
elevated <- elevated.sign <-  sign(out.coef[,1])
elevated[which(elevated == -1)] <- levels(out@suppLs$y)[1] 
elevated[which(elevated == 1)] <- levels(out@suppLs$y)[2] 
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# use the object 'vip' to determine the MAGNITDUE of the group difference for 
a given feature
# use the object 'elevated' to determine the DIRECTION of the effect (i.e., 
which group the feature is elevated in)
# use the object 'feature' to recover the names of the features
(5.  1  ) MOLECULAR NETWORKING - molecular networking (MN) on GNPS  
Classical molecular networking (M) develops a molecular network based on aggregated/consensus MS2 
spectrum. As such, the user is not able to determine the particular feature that a given node corresponds 
to, so MN is best suited for discovering qualitative differences (eg. presence/absence) among samples. 
MN is accomplished using the online platform GNPS (Global Natural Products Social Molecular 
Networking). 
1 If you don’t have a GNPS account already, create one : 
https://gnps.ucsd.edu/ProteoSAFe/user/register.jsp
2 Login to GNPS account: https://gnps.ucsd.edu/ProteoSAFe/user/login.jsp
3 If you have a previous MN job, you can navigate to “jobs” (https://gnps.ucsd.edu/ProteoSAFe/jobs.jsp) 
and click the corresponding link under the “Status” column. Then, in the “Status” section, click the link for 
“[Clone to Latest Version]”. If you’ve never run a MN job before, start a new MM job 
(https://gnps.ucsd.edu/ProteoSAFe/index.jsp?params=%7B%22workflow%22:%22METABOLOMICS-
SNETS-V2%22,%22library_on_server%22:%22d.speclibs;%22%7D).
4 Enter the required parameters. The default parameters are generally a good starting point. In particular
4.a Basic Options → Spectrum Files (Required): click “Select Input Files” button. Select the files 
containing your MS2 spectra; you can either drag and drop these files or upload them using FTP
(see http://proteomics.ucsd.edu/service/massive/documentation/submit-data/upload-data/). The 
nice thing about MN, compared to FBMN, is that in addition to uploading MGF files that are 
aggregated from multiple samples, you can also upload individual mzML or mzXML files from 
each sample; however, note that mzML/mzXML uploads will only work with true MS/MS data 
(eg. from DDA), not with Mse. In order to work with MSe data, you will need to preprocess your 
data with a step that includes spectral deconvolution (eg. using MS-DIAL or Progenesis) and 
use the corresponding MGF file.
4.b Basic Options → Spectrum Files G2/G3/G4/G5/G6: If you want to explore differences between 
groups, then you can upload different groups of spectral files as separate groups. For example, 
if you have three groups of samples, upload one group as “Spectrum Files (Required)”, the next 
group as “Spectrum Files G2”, and the last group as “Spectrum Files G3”.
4.c Advanced Library Search Options --> Search Analogs: selecting “Do Search” may improve 
feature annotation when using DIA/MSe data, but be aware that this will substantially increase 
analysis time.
5 Click “Submit”
6 To export data for Cytoscape: once the job is finished, click the corresponding link under the “Status” 
column. In the “Status” section, under “Export/Download Network Files”, click the link for “[ Download 
Cytoscape Data ]”. Among the downloaded files will be a .graphml file that you can import to Cytoscape 
for visualization.
(5.2) MOLECULAR NETWORKING - Feature based molecular networking (FBMN) on GNPS
Feature based molecular networking develops a molecular network based on the MS2 spectrum of each 
individual feature. This allows one to later overlay feature metadata (e.g., VIP values) onto the network. 
FBMN is accomplished using the online platform GNPS (Global Natural Products Social Molecular 
Networking). Relative to classical molecular networking (MN), FBMN is better suited for feature 
annotation.
1 If you don’t have a GNPS account already, create one : 
https://gnps.ucsd.edu/ProteoSAFe/user/register.jsp
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2 Login to GNPS account: https://gnps.ucsd.edu/ProteoSAFe/user/login.jsp
3 If you have a previous FBMN job, you can navigate to “jobs” 
(https://gnps.ucsd.edu/ProteoSAFe/jobs.jsp) and click the corresponding link under the “Status” column. 
Then, in the “Status” section, click the link for “[Clone to Latest Version]”. If you’ve never run a FBMN job 
before, start a new FBMN job (https://gnps.ucsd.edu/ProteoSAFe/index.jsp?params=%7B%22workflow
%22:%22FEATURE-BASED-MOLECULAR-NETWORKING%22,%22library_on_server
%22:%22d.speclibs;%22%7D).
4 Enter the required parameters. The default parameters are generally a good starting point. In particular
4.a File selection: click “Select Input Files” button. Select the files containing your MS2 spectra 
(something like “...spectra_0.mgf”) and peak table (something like “GnpsTable....txt”); you can 
either drag and drop these files or upload them using FTP (see 
http://proteomics.ucsd.edu/service/massive/documentation/submit-data/upload-data/). You can 
also upload a table of feature metadata, but this is not required.
4.b Basic options --> Quantification Table Source: select the program you used to pre-process the 
data (e.g., MS-DIAL, Progenesis QI)
4.c Advanced Library Search Options --> Search Analogs: selecting “Do Search” may improve 
feature annotation when using DIA/MSe data, but be aware that this will substantially increase 
analysis time.
5 Click “Submit”
6 To export data for Cytoscape: once the job is finished, click the corresponding link under the “Status” 
column. In the “Status” section, under “Export/Download Network Files”, click the link for “[ Download 
Cytoscape Data ]”. Among the downloaded files will be a .graphml file that you can import to Cytoscape 
for visualization.
(5.3) MOLECULAR NETWORKING -  Annotation using MS2LDA, Network annotation propagation 
(NAP), and MolNetEnhancer on GNPS
GNPS has a suite of tools in order to improve the annotation of nodes in a network. The MS2LDA tool 
searches across fragmentation data to find possible commonalities in molecular substructure. The NAP 
tool attempts to propagate annotation across molecular families within networks. MolNetEnhancer 
combines data from FBMN/MN, MS2LDA, and NAP to determine the structural classification of nodes 
according to ClassFire. In theory, this allows one to improve the accuracy of network annotation by 
incorporating multiple, complementary types of data. In practice, this has yet to succeed in Kennelly lab, 
likely because it has only been attempted with DIA/MSe rather than DDA data.
1. Login to GNPS account: https://gnps.ucsd.edu/ProteoSAFe/user/login.jsp
2. MS2LDA
a) The easiest way to start a new MS2LDA job is from an FBMN job. First, navigate to the FBMN 
job that you want to export to MS2LDA.
b) Click the “Analyze with MS2LDA” link in the “Status” section.
c) In the new MS2LDA workflow window, the necessary data files should already be selected. If 
they are not selected OR if you get an error for some reason, you may need to manually donwload the 
files from your FBMN job and upload them for MS2LDA. In this case, see section “Collecting the Right 
Input Files” at this link: https://ccms-ucsd.github.io/GNPSDocumentation/ms2lda/
d) For MGF source, select MZMine2 if using FBMN data or MSCluster if using MN data.
e) Under Advanced MS2LDA parameters
i) set Bin Width to “0.01 (ToF Data)” [assuming you are using ToF/QToF data]
ii) Adjust Number of LDA Iterations according to your needs. Using the default value of 
1000, the analysis could take several days to complete. Using the minimum value of 10, the analysis will 
complete much faster, but classification accuracy may not be as good.
f) Under MotifDB Selection, select the motif databases to include in the analysis. You can hover 
over each DB name to get more information about it and decide whether to include/exclude.
g) For the rest of the parameters, the default settings are probably OK.
h) Click Submit.
3. Network Annotation Propagation (NAP)
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a) If you have a previous NAP job, you can navigate to “jobs” 
(https://  proteomics2  .ucsd.edu/ProteoSAFe/jobs.jsp  ) and click the corresponding link under the “Status” 
column. Then, in the “Status” section, click the link for “[Clone to Latest Version]”. If you’ve never run a 
NAP job before, start a new NAP job (https://proteomics2.ucsd.edu/ProteoSAFe/?params=%7B
%22workflow%22:%22NAP_CCMS2%22%7D). Note that these links are for the Proteomics2 server 
instead of the GNPS server. Proteomics2 is also part of UCSD and uses the same login credentials as 
GNPS.
b) The default parameters are probably a good place to start, but see notes below.
i) GNPS job ID: enter the alphanumeric ID from your MN/FBMN job
ii) Acquisition mode: positive/negative depending on ionization of your data
iii) Multiple adduct types: if you want to include multiple adduct types in the analysis, they 
must be entered here. The syntax is very specific. For example: “[M-H],[M+FA-H]”
iv) Structure databases: you can hover the cursor over “Structure databases” to get a list 
of all possible options
v) User provided database: this is optional. You can upload a custom database of known 
compounds. For details about using a custom database, see the “Structure database” section on this 
page: https://ccms-ucsd.github.io/GNPSDocumentation/nap/
vi) Workflow type: for MN data select Standard; for FBMN data select MZmine
c) Click Submit.
4. MolNetEnhancer
a) If you have a previous MolNetEnhancer job, you can navigate to “jobs” 
(https://  gnps  .ucsd.edu/ProteoSAFe/jobs.jsp  ) and click the corresponding link under the “Status” column. 
Then, in the “Status” section, click the link for “[Clone to Latest Version]”. If you’ve never run a 
MolNetEnhancer job before, start a new MolNetEnhancer job 
(https://gnps.ucsd.edu/ProteoSAFe/index.jsp?params=%7B%22workflow%22:%22MOLNETENHANCER
%22%7D). 
b) Enter the alphanumeric ID from your MN/FBMN job as the “GNPS Task ID”
c) Enter the alphanumeric IDs from your MS2LDA and NAP jobs
d) Click Submit. 
e) Once the job is finished, the results can be downloaded by navigating to the job and clicking 
the link for “Direct Cytoscape Preview/Download”. Then on the next page, click the button for “Download 
Cytoscape File”. Alternatively, you can download a ZIP file, which includes the network data and other 
additional data, by clicking “Download Network” on the job page.
(5.4) MOLECULAR NETWORKING - VISUALIZATION (CYTOSCAPE)
Cytoscape is a cross-platform, Java-based tool for visualizing molecular networks. The instructions below 
are for Linux.
1 If not already installed, download and install Cytoscape from (https://cytoscape.org/download.html)
2 Start Cytoscape.
3 Drag and drop a .graphml file into the left panel to get started. Alternatively, if you’re working with a .cys 
(Cytoscape session) file, File → Open…, and open the file.
4 You can change the color, size, etc. of the nodes and edges in the “Style” panel.
5 You can select different layouts from the “Layout” drop-down menu.
6 You can add additional metadata about the nodes and edges using File → Import → Table from file… . 
In this way, data from a tab-delimited/comma-separated/etc. file can be imported.
7 For more detailed instructions, refer to http://manual.cytoscape.org/en/stable/
(6.1) MISC.: CLASSYFIRE
From the ClassyFire website: “ClassyFire is a web-based application for automated structural 
classification of chemical entities. This application uses a rule-based approach that relies on a 
comprehensible, comprehensive, and computable chemical taxonomy. ClassyFire provides a hierarchical 
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chemical classification of chemical entities (mostly small molecules and short peptide sequences), as well
as a structure-based textual description, based on a chemical taxonomy named ChemOnt, which covers 
4825 chemical classes of organic and inorganic compounds.” Basically, it takes chemical structures as 
input and returns the chemical classification of each structure as output. This tool can be used by itself, 
and it is also integrated into MolNetEnhancer (see section 5.3).
1 Data can be input in a few different ways:
1.a SMILES or InChI notation, pasted as text directly into the online form on the ClassyFire website.
From the ClassyFire website: “Provide one entry per line containing a SMILES or an InChI 
string, optionally preceded by an identifier. If added, the identifier MUST precede the structure 
representation. The line must be tab-separated.”
1.b SMILES or InChI notation, in a tab-separated text file (.tsv) and uploaded to the ClassyFire 
website. Formatted same as above (step 1a).
1.c An SDF file.
2 Navigate to the ClassFire website: http://classyfire.wishartlab.com/
3 Input your data (see step 1 for formatting) and press Submit.
4 The page that opens up will display the progress of the analysis. You can note this link (or just your 
query number) so that you can find your results again later.
5 Once the analysis is complete, you can download all of the results by pressing one of the links in the 
“Export to:” section. As of 30 June 2020, there are options to download as .json, .sdf. and .csv formats.
(6.2) MISC.: SCIFINDER
SciFinder is an online database that contains information about chemical compounds that have been 
reported in the literature. SciFinder has many capabilities, and the ones listed below represent just a few 
of them.
1 To access SciFinder, you must have a SciFinder account. Accounts are only available through 
instutional subscriptions; Lehman College and the CUNY Grad Center both have subscriptions. 
1.a To register through CUNY Grad Center: https://libguides.gc.cuny.edu/SciFinder-register
1.b To register through Lehman College: https://libguides.lehman.edu/c.php?g=793881
2 To log in to your account
2.a With a Lehman account, you can only access SciFinder through the Lehman network or through
a proxy. Apparently this restriction has been lifted during the Covid-19 pandemic. To establish a 
proxy through Lehman, enter your library card barcode here: 
https://libguides.lehman.edu/scifinder
2.b With a Grad Center account, it is uncertain whether you need to go through the Grad Center 
network/proxy. 
b.i Login to your SciFinder account here: https://libguides.gc.cuny.edu/SciFinder
b.ii If you do need to establish a proxy first, go here: https://library-gc-cuny-
edu.ezproxy.gc.cuny.edu/bookmarklet/
3 Searching for compounds by molecular formula can be useful, for example, if you have determined a 
predicted formula based on high-resolution mass spectrometry data (eg. from a ToF or QToF MS). To do 
this:
3.a Navigate to the “Explore” tab (among tabs along top of page)
3.b In the left panel, under Substances, click Molecular Formula
3.c Type the formula into the form, and click Search.
3.d You can now browse through all of the substances in SciFinder with this molecular formula. You 
can also sort by number of reference (dropdown menu near top of page) to which which 
substances are the most commonly reported.
3.e There is also a somewhat roundabout way to filter the results to include only substances 
reported from a given species/genus/etc.
e.i Near the top of the results page, click Get References. In the window that pops up, select 
“All substances” and click Get.
e.ii In the panel along the left side of the window, click the Refine tab. 
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e.iii Select Research Topic. In the Research Topic field, input the name of the 
species/genus/etc. Click Refine. This filter to include only references that contain the 
search term.
e.iv When you click on the title of a given reference, you can scroll down to see all of the 
compounds reported in that study; the compounds that were in your original search will 
have their structures shown and their CAS numbers highlighted in pink.
4 You can search for compounds by name, CAS number, etc.
4.a Navigate to the “Explore” tab (among tabs along top of page)
4.b In the left panel, under Substances, click Substance Identifier
4.c In the text box, input the names of the substances you want to search for. Each name should be
on a separate line.
4.d Click Search.
5 You can search for compounds by chemical structure.
5.a Navigate to the “Explore” tab (among tabs along top of page)
5.b In the left panel, under Substances, click Chemical Structure.
5.c Open the structure editor by clicking on the rectangular icon that is a picture of a computer 
window with the words “Click to Edit”.
5.d In the new window that pops up, you can draw the chemical structure that you are searching for.
If you prefer, you can also click the “Add to editor by CAS registry number, SMILES, or InChI” 
button at the top of this window (icon has a capital T and an arrow pointing to a circle) to 
populate a structure.
5.e In the lower right side of this window, you can select the type of search that you want to perform:
e.i Exact search: searches for compounds that match your structure exactly (you will later 
have an option to determine how strictly you want to match stereochemistry as well).
e.ii Substructure search: searches for compounds that contain your structure within theirs
e.iii Similarity search: searches for structures similar to the input
5.f Click OK to close the window.
5.g Click Search.
6 You can save your search results (including references and compounds).
6.a Once you have done a search, click Save at the top right of the window.
6.b In the window that pops up choose Selected results or All results, enter a name, enter a 
description, and then click OK.
7 You can access and combine saved searches.
7.a At the top left corner, click Saved Searches. In the dropdown, choose Saved Answer Sets.
7.b Choose the tab corresponding to your desired type of answer set (eg. References, Substances).
7.c To access a saved search, click on it’s title.
7.d To combine answer sets, check the box to the left of at least two answer sets. Click Combine 
Answer Sets (top left of window). In the window that pops up, select the way in which you want 
to combine (eg. Combine, Intersect, Exclude). Click Combine Answer Sets.
8 You can export results. This is particularly useful for exporting compound structures and other 
compound properties.
8.a Select a set of compounds (eg. from a search, saved answer set, etc.)
8.b Click Export (top right of window)
8.c In the window that pops up, enter the required information. Click Export.
c.i NOTE: by default, the CUNY license does not have the ability to download SDF files. 
Based on experience, it may be possible to gain the ability to download SDF by requesting 
access to help@cas.org (be sure to email them from the same CUNY email address that 
you used to create your SciFinder account). If access is granted, it may only be temporary, 
so plan accordingly
(6.3) MISC.: OPSIN: Open Parser for Systematic IUPAC Nomenclature
1 Navigate to https://opsin.ch.cam.ac.uk/
2 Enter the IUPAC/CAS name.
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3 Click Submit.
SOP: Wild Hop Collecti  ng  
NOTE!!! This SOP was written before any field work, so it may not be up to date.
DATE: 11-21-2016
CODE NUMBER:  RANDDSOP-050r5
OPERATION:  Wild Hop Collection
PROCESS/DOCUMENT OWNER: RANDD
APPROVED BY: PM
RESPONSIBILITY:  The Process/Document Owner is responsible to ensure that the information in their
processes reflects current practice, documents are distributed to appropriate users, users are trained, and
the Document Administrator is fully informed.
BACKGROUND: To collect hop samples (cone, seed, leaf, softwood, rhizome, pollen, herbarial voucher)
in permitted areas or public lands, follow a strict set of procedures to ensure detailed documentation and
proper environmental concern.
Apparatus
 GPS, topo maps
 Sampling equipment
1 Knife, scissors
1.1 Sterilization equipment (e.g., physan; alcohol + flame source)
2 Collection bags
2.1  Plastic (e.g., Ziploc), various sizes
2.2  Porous paper (e.g., tea filters, coffee filters)
3 Plant press for voucher specimen
3.1  Newspaper
3.2  Cardboard
3.3  Blotter paper
4 Paper towels
5 Coin envelopes for seeds
 Waterproof notebook + pen/pencil/marker
 Balance (e.g., mechanical mail scale, digital kitchen balance)
 Camera
 Cooler w/ ice packs
 Dewar (if flash freezing with liquid nitrogen)
 Cyroshipper (e.g., Styrofoam box/cooler)
 Soil sampling canister (if taking soil samples)
 Heat sealer and sealable bags (???)
Safety Requirements
Bring a collecting partner, especially if collecting in remote and/or hazardous areas
141
Inform  a  few  people  (e.g.,  Dr.  Matthews,  family  members,  local  rangers,  etc.)  of  your  plans—
especially if collecting alone—and check in with them once you are finished for the day
Bring the Ten Essentials
1 Navigation: map, compass, GPS
2 Sun protection: sunglasses, sunscreen
3 Insulation: extra layers
4 Illumination: headlamp, flashlight
5 First aid supplies
6 Fire: lighter, waterproof matches, candle
7 Repair kit & tools: sewing kit, duct tape, knife, multi-tool
8 Nutrition: extra food
9 Hydration: extra water, water purification system (e.g., filters, tablets)
10 Emergency shelter





 Protective Gloves 
 Long pants/sleeves
 Cryogloves and apron (if working with liquid nitrogen)




Flare gun, power horn (???)
Reagents
Silica gel or similar desiccant, Silica packs
Procedure: Collecting Cone Tissue for Chemical Analysis
• Before sampling a new accession, sterilize knife/clippers/etc.
• For each individual plant, label one or more (depending on amount of sample) porous filter bags 
(e.g., tea filters) with sample number and date. Also record this information in field notebook.
• Collect a representative sampling of up to 100 g of fresh, mature cone material from from cones 
that are accessible (not more than 10% of material present at the site). 
◦ Note that not all cones may be safely accessible. SAFETY FIRST.
• Obtain weight and record in notebook.
• Place cones in filter bag. Fold over and seal with stapler, safety pin, etc. [NOTE: To keep things 
organized, consider stapling all types of samples from same accession together]
• Place filter bag(s) in large Ziploc bag with excess of silica gel. Squeeze out residual air and seal. 
Place this bag in another Ziploc bag, squeeze out residual air, and seal.
• Store samples like this at ambient temperature until palpably dry (usually ~2 days in summer 
conditions). Replace/recharge spent silica as necessary. 
• Once samples are dry, store on silica gel in freezer (if available) or cooler.
• Ship samples to laboratory (e.g., Hopsteiner lab in Yakima, WA) and store in freezer.
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• In lab, grind ~ 2.5 g cone material. Use the Mark 2 instrument to determine moisture content. 
[NOTE: if it is determined that silica gel consistently dries samples completely, then this step may 
not be necessary in the future].
◦ If moisture content exceeds 10%, add sufficient desiccant to bag to reduce moisture content 
below 10%.
• Package in heat seal bags and store at -20°C until analysis.
Procedure: Collecting Leaf Tissue for Chemical Analysis
• Before sampling a new accession, sterilize knife/clippers/etc.
• For each individual plant, label one or more (depending on amount of sample) porous filter bags 
(e.g., tea filters) with sample number and date. Also record this information in field notebook.
• Collect a representative sampling of up to 100 g of mature, leaf material from leaves that are 
accessible (not more than 10% of material present at the site). 
◦ Note that not all leaves may be safely accessible. SAFETY FIRST.
• Obtain weight and record in notebook.
• Place leaf material in filter bag. Fold over and seal with stapler, safety pin, etc. [NOTE: To keep 
things organized, consider stapling all types of samples from same accession together]
• Place filter bag(s) in large Ziploc bag with excess of silica gel. Squeeze out residual air and seal. 
Place this bag in another Ziploc bag, squeeze out residual air, and seal.
• Store samples like this at ambient temperature until palpably dry (usually ~1-2 days in summer 
conditions). Replace/recharge spent silica as necessary. 
• Once samples are dry, store on silica gel in freezer (if available) or cooler.
• Ship samples to laboratory (e.g., Hopsteiner lab in Yakima, WA) and store in freezer.
• In lab, grind ~ 2.5 g leaf material. Use the Mark 2 instrument to determine moisture content. 
[NOTE: if it is determined that silica gel consistently dries samples completely, then this step may 
not be necessary in the future].
◦ If moisture content exceeds 10%, add sufficient desiccant to bag to reduce moisture content 
below 10%.
• Package in heat seal bags and store at -20°C until analysis.
Procedure: Collecting Seed as Germplasm
• Ideally, plant to be sampled should have an abundance of dry, easily shattering cones.
• For each individual plant, label one or more (depending on amount of sample) porous filter bags 
(e.g., tea filters) with sample number/type, location and date. Also record this information in field 
notebook.
◦ Alternately, if using pantyhose as a sample container, make two labels and set aside.
• Collect a representative sampling of seeded cones/bracts from female plant into container(s). It 
may be easiest to hold container underneath cones, shatter the cones with your hand and allow 
them to fall into sampling container.  
◦ Note that not all cones may be safely accessible. SAFETY FIRST
◦ Ethics: do not take more than 10% of material present at the site
• If using tea filters, fold over and seal with stapler, safety pin, etc. If using pantyhose, place one 
label inside; tie off the top of the pantyhose, cinching the second label in place in the loop as you 
tie it shut.
◦ To keep things organized, consider stapling/tying all types of samples from same accession 
together
• Obtain sample weight and record in notebook.
• Place tea bags/pantyhose in large Ziploc bag with excess of silica gel. Squeeze out residual air 
and seal. Place this bag in another Ziploc bag, squeeze out residual air, and seal.
• Store samples like this at ambient temperature until bracts are palpably dry (usually ~2 days in 
summer conditions). Replace/recharge spent silica as necessary. 
• Once samples are dry, store on silica gel in freezer (if available) or cooler.
• Send container(s) to laboratory (e.g., Hopsteiner lab in Yakima, WA).
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• In lab, separate seeds from other parts of cones using a screen.
• Place seeds in a container with desiccant for about 1 week (until 5% moisture content)
• Transfer to Falcon 50 ml tube and store at -20°C.
Procedure: Collecting Leaf Tissue for DNA & Softwood Cuttings
• Before sampling a new accession, sterilize knife/clippers/etc.
• For each individual plant, label Ziploc bag with sample number and date. Also record this 
information in field notebook.
• Cut an apical section of young shoot or sidearm (ideally at least 15 cm long with several nodes). 
Trim leaves from bottom section (~5 cm).
• Wrap bottom, leafless section in a wet paper towel and store in Ziploc bag. Leave top of bag 
slightly open to allow gas exchange.
• Alternately, only wrap base of stem/paper towel with the plastic bag, and leave the top of the 
cutting in the open.
• Place bag in cooler. Keep samples cool by replacing ice or ice packs as needed. Open cooler at 
least once or twice a day to promote gas exchange.
• Within 3 days of collection, package samples in a Styrofoam container with ice packs and send 
overnight to laboratory (e.g., Hopsteiner lab in Yakima, WA).
• In lab, process samples according to “DNA Extraction” and “Softwood Cutting” SOPs.
Procedure: Collecting Rhizome Cuttings for Germplasm
• Before sampling a new accession, sterilize trowel/knife/clippers/etc.
• For each individual plant, label Ziploc bag with sample number and date. Also record this 
information in field notebook.
• Carefully move top layer of soil to reveal underground rhizome.
• Using a sharp pair of scissors or garden clippers, take a few 5-15 cm rhizome cuttings. Trim away
any excess above-ground stem or leaf tissue.
◦ Do not take more than 10% of the total rhizome for any given plant.
• Place cuttings in Ziploc bag.
• Seal bag and place in cooler. Keep samples cool by replacing ice or ice packs as needed.
• Replace soil.
• Within 1 week of collection, package samples in a Styrofoam container with ice packs and send 
overnight to laboratory (e.g., Hopsteiner lab in Yakima, WA).
• In lab, process samples according to “Propagating hop rhizomes” SOP.
Procedure: Collecting Herbarial Voucher Specimens
 Refer to
o http://www.flmnh.ufl.edu/herbarium/voucher.htm  
o Selected Guidelines for Ethnobotanical Research: A Field Manual by Miguel Alexiades, 1996.
o File: “Guidelines for Collecting Herbarium Specimens_Royal Botanical Gardens.pdf” (also 
available online: https://www.rbg.ca/Document.Doc?id=125)





This method was written by Paul Matthews and Taylan Morcol.
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SOP: Wild  H  op  C  ollection  S  ite  D  ata  L  ogging  
NOTE!!! This SOP was written before any field work, so it may not be up to date.
DATE: 9-15-2016
CODE NUMBER:  030r3
OPERATION: Collection of site information at indigenous hop locations
PROCESS/DOCUMENT OWNER: RANDD
APPROVED BY: PM
RESPONSIBILITY:  The Process/Document Owner is responsible to ensure that the information in their
processes reflects current practice, documents are distributed to appropriate users, users are trained, and
the Document Administrator is fully informed.
BACKGROUND: This procedure ensures uniform data acquisition at locations of wild hop collections,
including: GPS coordinates, geography description, floral survey, plant density, 
Apparatus
Garmin Oregon 650t GPS
Water proof note book and pencil or space pen
Digital Rebel EOS 70
Binoculars (for spotting plants at a distance)
Solar charger for phone/GPS/etc. (if sampling in more remote locations)
Safety Requirements
The Ten Essentials
9 Navigation: map, compass, GPS
10 Sun protection: sunglasses, sunscreen
11 Insulation: extra layers
12 Illumination: headlamp, flashlight
13 First aid supplies
14 Fire: lighter, waterproof matches, candle
15 Repair kit & tools: sewing kit, duct tape, knife, multi-tool
16 Nutrition: extra food
17 Hydration: extra water, water purification system (e.g., filters, tablets)
18 Emergency shelter











Registration of visit with park ranger
SPOT device
Check with local ranger district/etc. for additional safety considerations (e.g., wildlife)
Collection of Site Information
8 Refer to Safety SOP for steps to be taken prior to site visit.
9 Perform preliminary site survey
9.a Observe approximate number and distribution of plants at site
9.b Observe potential hazards
9.c If safe, try to find a high elevation point to get a better overview of the site
10 Take notes of the following general site features in field notebook
10.a Site name, based on location
10.b Geographical information (e.g., country, state, city/town, national forest, forest district, nearby 
campsites, etc.)
b.i Include directions to site
10.c Prominent vegetation




10.h Signs of human activity
10.i Proximity to manmade structures & signs of human activity
10.j Qualitative/quantitative descriptions of plant density
10.k NOTE: take lots of pictures too!
11 Determine sampling strategy
11.a Sites with more than 20 plants
a.i Record approximate number of plants 
a.ii Determine a sampling transect line
ii.1 Consider how best to capture a sample of plants that represents a diversity of 
morphologies and habitats within the site. 
ii.2 The line should transect at least 20 individuals. 
ii.3 Note any prominent landscape features that are used to determine orientation of 
transect. 
11.b Sites with less than 20 plants
b.i Sample all individuals
12 Take additional field notes for individual plants that are sampled (see other sampling SOPs for detailed
instructions on sampling)
12.a Sample name/number/designation
12.b GPS coordinates & elevation (using hand-held GPS unit)
12.c Surrounding vegetation (especially prominent trees)
12.d Signs of herbivory and disease
12.e Topographical/hydrological/soil-substrate features (if significantly different than whole-site 
characteristics)
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12.f Signs of human activity & proximity of manmade structures (if significantly notable relative to 
whole-site survey)
12.g Presence/type of flowers (including remnants of dead flowers)
12.h Approximate number of flowers
12.i Maturity of flowers (e.g., developmental stage I-V)
12.j Indicators of plant size (including approximate number of bines, height of plant, size of largest 
leaf, etc.)
12.k Number of leaf lobes (range)
12.l Shade: full, partial, none
12.m Information about samples
12.n NOTE: take lots of pictures too!
13 Transfer information to Wilddb.accdb in the field or back in the lab ASAP.
Procedure Notes
• “Site” is loosely defined as an area in which a stand (i.e., geographic cluster) of hops is found.
• Additional environmental information (e.g., climatic variables, tree cover, moisture availability, light
reaching ground) can be obtained online. Climate data will be obtained from the National Center
for  Atmospheric  Research  and  the  University  Corporation  for  Atmospheric  Research  (or
equivalent). To estimate tree cover, moisture availability amount of sunlight hitting the ground,
data from the ASTER remote sensing satellite (or equivalent) may be used.
• When sampling along a transect, do best to ensure equal spacing between samples. One way to
do this is to count paces along the entire transect and then divide this number by the number of
samples you plan to take along that transect.
Reference
Author
This method was written by Paul Matthews and Taylan Morcol
SOP: High-throughput  E  xtraction of  P  henolics from  C  oarsely  G  round,  S  pent  H  ops  
DATE: 8-3-2016
CODE NUMBER:  





RESPONSIBILITY:  The Process/Document Owner is responsible to ensure that the information in their
processes reflects current practice, documents are distributed to appropriate users, users are trained, and
the Document Administrator is fully informed.
BACKGROUND: This  procedure produces purified hop extracts  suitable  for  analysis  of  phenolic  and
related compounds by LC-MS.
APPARATUS
20 mL glass scintillation vials & caps
Digital balance w/ Rack Track
Spent hop samples in teabags
Ziploc bags (quart)
Scoopula
96-well holding rack for vials
Shaker w/ 96-well rack
Erlenmeyer flask w/ 10 mL glass dispensing apparatus
96-well block (~2 ml/well)
1200 uL multichannel pipettor + cut-off pipette tips
96-well drying manifold
Lyophilizer




Methanol (general reagent grade)
PROCEDURE
 Weighing samples into vials
o Place 20 mL scintillation vial AND cap onto balance. Record weight in Rack Track.
o Cut open both teabags of coarsely ground, spent hops. Empty entire contents into Ziploc 
bag. Set aside one teabag as a label.
o Mix hops in Ziploc bag. Weigh out 0.25 +/- 0.025 g into vial. Record weight in Rack Track.
o Cap vial & place in holding rack.
o Repeat for each sample.
 Extraction
o Add 10 ml 80% methanol to each vial using glass dispensing apparatus.
o Cap vial tightly & weigh each vial in Rack Track.
o Place vials in shaker @ 200 rpm for 1 hour
o Using a cut-off pipette tip, transfer 500 uL of crude extract to a deep well, 96-well plate. 
Repeat for each sample. Take care to ensure than minimal particulates are taken up into 
pipette tip.
 Consider making a duplicate plate for storage in Yakima
 Drying 
o Place 96-well collection plate into nitrogen drying manifold.
o Turn on nitrogen & leave plate in manifold overnight.
o Flash freeze collection plate & then place in lyophilizer overnight.
o Seal plate with aluminum or silicone cap mat. Store at -20C until plate(s) shipped to 
CUNY/Lehman/Kennelly lab for analysis.
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SOP: High-throughput  E  xtraction of  A  roma  G  lycosides from  C  oarsely  G  round,  S  pent  H  ops  
DATE: 7-7-2016
CODE NUMBER:  




RESPONSIBILITY:  The Process/Document Owner is responsible to ensure that the information in their
processes reflects current practice, documents are distributed to appropriate users, users are trained, and
the Document Administrator is fully informed.
BACKGROUND: This procedure produces purified hop extracts suitable for analysis of aroma glycoside
compounds by LC-MS.
APPARATUS
20 mL glass scintillation vials & caps
Digital balance w/ Rack Track
Spent hop samples in teabags
Ziploc bags (quart)
Scoopula
96-well holding rack for vials
Shaker w/ 96-well rack
Erlenmeyer flask w/ 10 mL glass dispensing apparatus
Plastic transfer pipettes
96-well holding block (~2 ml/well)
96-well SPE Plate: Phenomenex Strata C18-E, 50 mg/well
1200 uL multichannel pipettor + pipette tips
Waste collection plate








Methanol (general reagent grade)
PROCEDURE
 Weighing samples into vials
o Place 20 mL scintillation vial AND cap onto balance. Record weight in Rack Track.
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o Cut open both teabags of coarsely ground, spent hops. Empty entire contents into Ziploc 
bag. Set aside one teabag as a label.
o Mix hops in Ziploc bag. Weigh out 0.50 +/- 0.05 g into vial. Record weight in Rack Track. 
o Cap vial & place in holding rack.
o Repeat for each sample.
 Extraction
o Add 10 ml boiling water to each vial using glass dispensing apparatus.
o Cap vial tightly & place in shaker @ 200 rpm.
o Repeat for remaining vials in rack.
o Once shaker rack is full, continue to shake vials for 30 minutes. At end of this time, vials 
should be lukewarm or close to room temperature.
o Weigh each vial in Rack Track.
o Using a plastic transfer pipette, transfer at least 1 mL of crude extract to a deep well, 96-
well holding block. Repeat for each sample.
 Enrichment: Solid Phase Extraction (SPE)
o Use the following  : Phenomenex Strata C18-E 96-well plate, 50mg/well
o Notes  : 
 Each of the steps below should take ~5-10 minutes. At the end of each gravity-
draining step, the top of the beds of resin in each well should still look wet.
 For the Precondition, Load and Wash steps, place SPE plate on top of a waste 
collection plate. Empty the waste collection plate as needed.
o Precondition 
 Using a multichannel pipettor, dispense 1200 uL methanol (GR) into each well. 
Allow methanol to gravity-drain completely.
 Dispense 1200 uL deionized water into each well. Allow water to gravity-drain 
completely.
o Load
 Transfer 1100 uL of crude extract from 96-well holding block into corresponding 
wells in SPE plate. Allow extracts to gravity-drain completely.
o Wash
 Add 600 uL deionized water to each well of the SPE plate. Allow water to gravity 
drain completely
o Elute
 Place SPE plate on top of sample collection plate (700-800 uL/well) in the 
vacuum manifold. 
 Add 600 uL methanol (GR) to each well. Allow to gravity drain.
 Turn on vacuum to completely drain the wells of the SPE plate. The top of the 
resin beds should look dry.
 Drying 
o Place 96-well collection plate into nitrogen drying manifold.
o Turn on nitrogen & leave plate in manifold overnight.
o Flash freeze collection plate & then place in lyophilizer overnight.
o Seal plate with aluminum or silicone cap mat. Store at -20C until plate(s) shipped to 
CUNY/Lehman/Kennelly lab for analysis.
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SOP: Low-throughput  E  xtraction of  A  roma  G  lycosides from  S  pent  H  ops  
Low-throughput extraction of aroma glycosides from spent hops in Kennelly Lab, Lehman 
College, CUNY
(Proposed SOP for adaptation to high-throughput in Yakima)
 Grind spent hops in liquid nitrogen w/ mortar & pestle
o To approximate Hopsteiner’s automated cryogrinding protocol
 Weigh out 0.10 g of spent hop powder into a 20 ml glass scintillation vial; add 10 ml boiling water
o Amounts not optimized
o Better yields than aqueous alcoholic extraction (Figure 1 & 2) and hot sonication (Figure 
3)
o Using water as extraction solvent allows for direct application of supernatant to SPE 
column
o Literature references that use hot/boiling water:
 Goldstein, H.; Ting, P. L.; Schulze, W. G.; Murakami, A. A.; Lusk, L. T.; Young, V. 
D. Methods of making and using purified kettle hop flavorants. 5972411, 1999.
 Kollmannsberger, H.; Biendl, M.; Nitz, S. Occurence of glycosidically bound 
flavour compounds in hops, hop products and beer. Monatsschrift fur Brauwiss. 
2006, 5 (6), 83–89.
 Tightly cap vial; place vial in boiling water bath for 15 minutes
o See Figures 3 & 4 for time course experiments
 Remove vial from water bath & centrifuge (2700 rpm, 5 min)
o Sufficient to pellet the ground hop powder
 Precondition SPE column (Waters Sep Pak, C18, 6ml/500mg) with 1 column volume methanol, 
then 1 column volume water
o Based on: Supelco. Bulletin 910: Guide to Solid Phase Extraction. 1998.
 Apply 7 ml supernatant to column
o Maximum volume obtainable w/o disturbing pellet (after removing 1ml aliquot to dry down
& get crude extract weight)
 Wash w/ 1 column volume water (MS grade)
o Based on Supelco. Bulletin 910: Guide to Solid Phase Extraction.
 Elute w/ 1.5 ml methanol (MS grade)
o Results in eluate concentration of 2-3 mg/ml, which is appropriate for direct injection into 
UPLC-TQD-MS system
 Filter eluate through a 0.45 um syringe filter into auto-sampler vial
o Common practice in Kennelly lab to protect UPLC column
 Analyze by UPLC-TQD-MS
o Can currently reliably quantify glucosides of Linalool, 1-Hexanol and Phenylethanol
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Figure 24. Relative quantitation of 2-phenylethyl-beta-D-glucopyranoside in hop extracts using HPLC-ToF-
MS
Figure 25. Phenylethanol glucoside in spent hop crude extracts
All extracts from same starting material: pelletized, post CO2 extraction hops from Hops Extract 
Corporation of America (HECA), Yakima, WA; 2014 harvest. All dried extracts redissolved to 2mg/ml in 
solvent listed in parentheses. Error bars represent standard error from n=3 injection replicates. Each pair 
152
of same-colored points represent samples prepared from the same dried extract, but redissolved in 
different solvents. Note differences in control.
Figure 26. Direct injection of SPE eluate; Super Galena 2015
Figure 27. Direct injection of SPE eluate; Delta 2015 (Yakima)
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SOP: Storage of  V  olatile  S  tandards  
CUNY/Hopsteiner
STANDARD OPERATING PROCEDURE
Procedure Title: Storage of volatile standards
Procedure Author:
Date of Creation (original version):
Date of Revision (current version):
References:
Outline:
 In a fume hood, transfer standard as is to a labelled 5ml glass serum vial. For liquid standards, use a
Pasteur pipette to transfer.
 Close the vial with a septum & aluminum crimp. 
 Seal the vial with crimper.
 Insert one syringe needle through the septum; this is the “vent” needle. Be careful to leave ample 
space between the tip of the needle and the top surface of the chemicals.
 Insert a second needle through the septum, and connect this needle to a hose that is connected to 
nitrogen gas; this is the “gas” needle. Be careful to leave ample space between the tip of the needle 
and the top surface of the chemicals. Make sure that the gas is off when you connect the hose. 
 Slowly turn on the nitrogen gas flow. Be careful to avoid splatter (for a liquid standard) or excessive 
turbulence (for a solid/powder standard). Leave the gas on for at least 5 minutes.
 Remove the vent needle from the septum first, and then immediately thereafter, remove the gas 
needle. The gas should still be running while the needles are being removed.
 Repeat for all additional vials.
 Place the vials in the -80C freezer for long-term storage.
Considerations:
• AOAC (section 3.3) recommends checking stability of stored solutions by reanalyzing several 
weeks later
SOP: GC-MS  M  ethod  V  alidation,  D  iluting  S  tandards  
GC-MS Method Validation: Dilution of Standards
Outline:
• Remove vial of standard compound from -80C freezer.
◦ AOAC (3.3) recommends allowing it to come to room temp before uncapping.
• Remove crimp and septum cap from vial.
• Carefully weigh out ___g of the standards into a scintillation vial. Re-secure cap on serum vial 
with the septum cap and a new crimp.
• Dissolve the powder/liquid standard with ___ml of GR hexanes. This is the stock solution.
• Make 2-fold/5-fold/serial/etc dilutions of the stock solution in separate scintillation vials using GR 
hexanes.
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◦ AOAC guidelines for SLV of chemical methods (section 3.3) suggest 6-8 points of 
concentration that are spaced out more or less equally across the concentration range of 
interest
▪ Section 3.3.1: possibly include a blank as one of these concentration points if the 
concentration range is huge
• Store these dilutions at -20C until use.
Questions:
• What is a reasonable signal response range of the GC-MS for a given compound?
• What is the minimum purity that we need for the standards?
GC-MS Method Validation: Analysis of Standards
Outline:
• Remove series of dilutions of standards from -20C freezer.
• Transfer ~1ml of each dilution into a separate, labelled GC sample vial. Secure sample vial with 
appropriate cap.
• Inject each sample ___ times using the same GC-MS method that will be used for analysis of 
essential oil samples. 
◦ AOAC (section 3.3) recommends duplicate injections for each dilution, measured at random
• For each injection, confirm that the major peak corresponds to the compound that was injected by
using the spectrum matching feature included with the GC-MS. Also note any other peaks that 
appear in the chromatogram. 
• For the major peak in each injection, note the retention time and total ion count (TIC). Tabulate all
of these values for use in calculating the standard curve (see separate SOP). 
Considerations:
• AOAC (section 3.3) recommends checking stability of stored solutions by reanalyzing several 
weeks later
GC-MS Method Validation: Computing Standard Curves
Outline:
 Using the data compiled from the analysis of standards, calculate a regression line using the 
following formula: ___
1 AOAC (section 3.3) states that at micro and ultramicro concentrations (of the cpd in the 
sample?), 95% purity of reference standards is acceptable (contributes negligible variance)
2 AOAC (3.3): linear regression useful (makes calculations easier) but NOT required; other 
regressions (e.g., weighted) also acceptable
General
 AOAC (3.3): may need to re-run the standard curves regularly if instrumental drift is an issue or if 
method is run routinely

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SOP: Operating LC-Tof-MS (Waters LCT Premier XE)  
Lehman College CUNY
250 Bedford Park Boulevard West
Bronx, NY 10468
Standard Operating Procedure
Operation of LC-TOF-MS (HPLC: Waters 2695; TOF-MS:
LCT Premier XE）
Kennelly Research Group SOP # INS-01
Authors Binsheng Luo, Ruifei 
Zhang, Taylan Morcol
Date Created
Approval Revision # 7
Page # Last Reviewed 16 March 2021
 Purpose: This protocol provides the basic operation and maintenance of the LC-TOF-MS system. 
For sample preparation, please refer to specific experiments.
 Materials/Equipment
Item Description/location/etc
Waters 2695E （HPLC） Location: SC4409
Waters LCT Premier XE Location: SC4409
Waters 2998 Photodiode Array Detector Location: SC4409
Waters 515 HPLC Pump (LockSpray 
pump)
Location: SC4409
Nitrogen gas generator dry, oil free, minimum 95% purity; regulated at 7 bar/100 
psi.
Location: SC4405
Formic Acid MS grade
Location: flammables solvent cabinet under fume hood in 
SC4411 (in a plastic tub for flammable acids)
Methanol MS grade
Location: flammables solvent cabinets in SC4409
Acetonitrile MS grade
Location: flammables solvent cabinets in SC4409
Water MS grade
Location: flammables solvent cabinets in SC4409 -OR- 
cardboard boxes on floor along wall (b/c it is NOT 
flammable)
Leucin-Enkephalin Location: SC4405 in a small glass vial (with red aluminum 
cap) in door compartment of -20C freezer closest to -80C 
freezer
 Routine analysis procedure
1 TOF instrument Preparation  
1.1 Make sure nitrogen generator is on (GREEN POWER SWITCH ON FRONT OF GENERATOR) 
and reading ~100 psi. Generator is located in 4405 Science Hall. 
1.2 If the computer has not been restarted in over 1 day, then restart it. This can prevent many 
software issues.
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1.3 Fill up reagent bottles on the HPLC tray with the appropriate solvents. A and B solvents should 
be degassed prior to use (sonicate 20-30 minutes). A typical setup is listed below, but this can 
be modified to suit the user’s needs:
3.1 A: 0.1% formic acid in water (degassed)
3.2 B: 0.1% formic acid in acetonitrile (degassed)
3.3 C: 10% methanol in water [weak wash]
3.4 D: 100% methanol [strong wash]
1.4 Visibly check if the cone is clean.
1.5 Ideally, samples should be placed in autosampler ASAP to allow sufficient time for temperature 
equilibration.
1.6 Login to to Lenovo desktop computer. Then start MassLynx 4.1 (shortcut on desktop).
1.7 Open the MS Tune page (“MS Tune” button on left panel of MassLynx window). 
1.8 On the tune page, load the tune file that you will use for analysis by clicking File > Open, and then
navigating to your preferred tune file.
8.1 Generally you will want to use the most recent tune file available. 
1.9 Put the instrument into Operate mode (one of the two buttons on the bottom right corner of the 
tune page); the square at the bottom right corner of the tune page should turn green. If the 
instrument was in Standby mode (red square at bottom right corner of tune page), allow 1 hour 
for the instrument to warm up before doing any configuration process (e.g., detector 
setup, calibration) or analysis.
1.10 Check the vacuum gauges on the tune page by clicking the little button near the top of the tune 
page window that looks like a red/green dial.
1.11 The optimal ranges for the three vacuum gauges on the tune page
11.1 Source: 2.0 - 2.3 mbar. [Below 2.0 could indicate dirty cone (solution: clean cone, see section 
4.1) or source isolation valve left closed (solution: open isolation valve). Above 2.3 could 
indicate a leak where cone attaches to source block (solution: check o-rings around cone; 
ensure that the metal bracket holding the cone assembly in place is tight).]
11.2 Analyzer: mid e-7 mbar [Outside of range could indicate a leak somewhere inside the system 
(solution: call tech support).]
2 Start up the HPLC and PDA detector  
2.1 Turn on the power to the PDA detector by pressing the black power switch on the front of the 
detector.
2.2 Turn on the Waters 2695 Separations Module (i.e., HPLC). Wait 3-5 minutes for system to 
initialize syringe, needle, carousels, and solvent manager. When ready, “Idle” will appear in the 
top right corner of the main screen of the HPLC.
2.3 Press MENU/STATUS button located to the right of the screen. The set-up of this instrument is 
done from this screen.
3.1 NOTE: If the keypad on the HPLC is non-responsive and “MassLynx” is displayed in the upper-
left corner of the HPLC screen, you cannot able to control the HPLC from this keypad. To 
change this, on the desktop, open the Inlet Method window. Click the small button near the top 
of the window that looks like a radio transmission tower (if you hover over this button, it will say 
“Change Mode”). Now when you check the HPLC screen, it should no longer say “MassLynx” 
and you should now be able to control the HPLC from the keypad.
2.4 Enable vacuum DEGASSER. Using the arrow keys located above the number keypad, highlight 
the “Mode” Rectangle under the “Degasser” area and press ENTER. Select “On” and press 
ENTER again.
3 P  rime solvent lines  
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3.1 DRY PRIME Use the dry prime to prime the system when the solvent in-take lines are dry (e.g., 
they have not been in the reservoir for 5 minutes) or if there is an air bubble in the system.
1.1 Open lower vented area of Separations Module. Locate a cylinder in the middle with a steel 
knob that has a two-way arrow.  Insert tip of 50-mL syringe into the front of this cylinder.
1.2 Highlight DRY PRIME in DIRECT FUNCTION dialogue box.  Press ENTER.
1.3 Press the white button on the bottom of the screen that corresponds to the solvent line to prime 
(e.g., “Open A”, “Open B”, etc.).  
1.4 While holding the syringe in place, open the dry prime valve/knob (1/2 turn counterclockwise) 
and pull plunger until a small amount of solvent is pulled into syringe.  Force may be needed to 
pull the air and solvent through the system.  Continue until all the air is pulled through the 
solvent line into the syringe (e.g., approx. 10-20 mL of solvent).
1.5 While still pulling on the syringe, close the dry prime knob/valve. This ensures that no air is re-
introduced into the system.
1.6 Empty contents of syringe into a waste beaker.
1.7 Repeat steps 3-6 for each solvent line needing priming.
1.8 Perform a WET PRIME (see below).
3.2 W  et prime   
2.1 NOTE: only perform wet prime if there is already solvent in the solvent lines. If the lines are dry, 
perform a dry prime first (section 3.3.1).
2.2 NOTE: Perform a wet prime before each run and/or if the solvent reservoirs are changed.
2.3 For COMPOSITION enter 100% for A (or selected solvent line e.g., B, C, D) and 0% for other 
three solvent lines.
2.4 Press the DIRECT FUNCTION screen key and the menu appears.  Highlight WET PRIME and 
press ENTER.
2.5 In the next window, enter flow rate of 7.5mL/min (the default) and duration time of 3 minutes.  
Press ENTER.
2.6 When finished “Idle” appears on the top screen.  Change COMPOSITION to prime other solvent
lines, repeat steps 1-3 for each solvent line to be used.
2.7 CAUTION: To avoid damaging the face seals, perform a wet prime only when there is 
solvent in the in-take lines. To avoid precipitating salts in the Separations Module, use an
intermediate solvent (e.g., water) when changing from buffers to organic solvents.
4 E  quilibrating vacuum degasser  
4.1 Enter the initial solvent composition for the run (e.g., 95%A, 5%B)
4.2 Press DIRECT FUNCTION, highlight WET PRIME. Press OK.
4.3 In the dialogue box enter a flow rate of 0.00 mL/min. and a time of 5 minutes. Press OK.
4.4 When finished, “Wet prime suspended” appears, press ABORT PRIME, Separations Module goes
into Idle mode.
4.5 Continue with flow (below).
5 Prime the needle-wash pump  
5.1 The prime needle-wash pump test procedure automatically primes the needle-wash system and 
homes the needle into the stream position. Perform this procedure if these conditions apply:
1.1 A lack of flow in the needle-wash system
1.2 You are changing the seal-wash solvent
1.3 A needle sensor malfunctions
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5.2 Ensure that the needle-wash supply line (green) is in the solvent bottle and that the waste line 
(yellow) is in an appropriate waste container.
5.3 On the Diagnostics screen, press the Prime NdlWash screen key.
5.4  In the Prime Needle Wash dialog box, press the Start screen key to begin the needle wash.
5.5 If the solvent does not flow out of the waste line within 30 seconds, press Start again. 
5.6 If the solvent still does not flow out of the waste line:
6.1 In the sample chamber, inspect for solvent dripping from the injector.
6.2 Confirm that fluid is properly drawn from the needle wash reservoir.
6 F  low  
6.1 On the main screen change FLOW to 1.00mL.
6.2 Observe column for leaks.  If leaking, press STOP FLOW and tighten column. 
2.1
6.3 To start flow again, enter 1.00mL/min for FLOW.
6.4 Wait 3-5 min.
6.5 If air bubbles appear, then repeat WET PRIME and EQUILIBRATE VACUUM DEGASSER.
5.1 Indications of air bubbles include: high delta PSI, unstable signal in tune window, shifting 
retention times, pulsating baselines, unexpected changes in peak areas, irregular peak shapes, 
pump outages, excessively high back pressures, and visual observation of air bubbles in solvent
lines.
7 P  urging injector  
To be performed daily with compression check. Removes any traces of solvent from a previous 
run and when changing solvents clears air bubbles from fluidics path.
7.1 Press DIRECT FUNCTION, select PURGE INJECTOR from menu and press ENTER/OK.  
7.2 In window that appears, enter 6 volumes per loop (the default). Check the COMPRESSION 
CHECK box by pushing any number on the keypad. Press ENTER/OK.
7.3 The purge cycle begins.
8 LockSpray  
8.1 Assure that there is sufficient LockSpray solution (typically leucine-enkephalin) in the LockSpray 
bottle. 
8.2 Turn on the power to the Waters 515 (i.e., LockSpray pump) by pressing the power switch on the 
left side of the pump.
8.3 Assure that the flow on the LockSpray pump is set to 0.1 ml/min. 
3.1 To adjust flow rate, press “Edit/Enter” button. To edit each digit of the flow rate, use the up and 
down arrows. To move from one digit to the next, use the “Edit/Enter” button.
8.4 Turn on the flow of the LockSpray pump by pressing the button labeled “Run/Stop”.
8.5 Check the tune page to ensure that the expected lock mass peaks are present. If not, you may 
need to adjust the pressure or prime the lockspray pump.
5.1 To prime the lockspray pump, insert the tip of a 50-mL syringe into the priming valve/knob on the
front of the pump; this priming valve looks very similar to the one of the HPLC. Open the 
valve/knob, pull on the syringe plunger until solvent is pulled into the syringe, and while still 
pulling on the plunger, close the valve/knob.
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8.6 Adjust the flow rate of the pump as needed (see 3.8.3.1) in order to get the most stable counts 
per second on the tune page.
9  Acquisition and Processing Samples
9.1 Open door under screen of HPLC2695 and remove Autosampler carousel, place samples in 
selected carousel.
9.2 Turn on the Photodiode Array Detector (PDA) 10 min prior to sample run.  
2.1 NOTE: To conserve PDA bulb remember to turn PDA off after sample run.
9.3 LOGIN to MassLynx
9.4 Before starting any injections/analysis, check that "Delta" psi is < 10. 
9.5 On the main MassLynx window, click File >> Sample List.
9.6 Input the desired parameters. The minimum required parameter columns are: file name, inlet file, 
MS file, bottle (i.e., vial position), inject volume, and MS tune file.
6.1 If you want to add/remove parameter columns, right-click along the blue bar at the top of the 
sample list and select “Customize display...”. In the window that pops up, check/un-check the 
boxes next to the parameters that you want to display/hide. Then click OK.
9.7 Check the bottom right corner of the Sample List window to see if automatic shutdown is enabled 
or disabled. To enable/disable, click this part of the Window, and select the desired shutdown 
method/ A few questions for you:parameters in the new window that pops up.
9.8 Highlight the rows of samples that you want to run.
9.9 Click Start Run (little blue arrow icon near top of screen).
9.10 Select the Acquire Sample Data check box; ensure that other boxes are not checked and that the 
sample numbers are correct (ie. that they match the samples selected in step 3.8.5).
9.11 Click OK to perform the analysis.
10 Post-Operation  
10.1 Navigate to the MS Tune page/window
1.1 Check that the Tof is in "standby" (square in bottom right is red).
1.2 Turn off the LockSpray flow by pressing the “Run/Stop” button on the Waters 515 lockspray 
pump.
1.3  Check that the API gas is off (at top of tune page, icon that look like a blue gas cylinder)
10.2 Navigate to the Inlet Method window
2.1 Check that UPLC flow is off.
2.2 Check that the column heater is off (click the column temperature number and type “off” in the 
window that pops up).
2.3 Column should be stored in 100% methanol WITHOUT formic acid (probably bottle D).
10.3 Miscellaneous  
3.1 Remove samples from autosampler and store appropriately.
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3.2 Back-up newly acquired data files.
 Maintenance & upkeep
1 Cleaning sample cone  
1.1 ATTENTION: This is a little different than the procedure for the QTOF/TQD. Follow the steps 
below to avoid damaging anything.
1.2 Ensure that there is no solvent flow going into the source. Check both reference probe (i.e., 
lockspray pump, Waters 515) and analyte probe (i.e., coming from HPLC, in the Inlet Method 
window).
1.3 Place the MS into standby: navigate to MS Tune page: press “Standby” button (bottom right 
corner of window); check that square at bottom right of window is red.
1.4 Open the source door by undoing the latches on either side of the source door. CAUTION: source
door may be HOT!!!
1.5 CRITICAL STEP!!! Close the source isolation valve (round brass piece with steel handle) by 
pushing the handle all the way away from you (i.e counterclockwise). KEEP THIS VALVE 
CLOSED (until you are instructed to open it later). 
1.6 Pull off the clear, Teflon/PTFE tubing connected to the handle of the cone assembly.
1.7 Use an Allen key to remove the two cone retaining plate screws on the front of the source.
1.8 Remove the cone retaining plate.
1.9 Gently remove the cone assembly. Once removed, keep the point of the cone assembly pointing 
down to ensure that the cone does not pop out. Be careful handling the cone assembly; it may be 
hot! 
1.10 Using a tool (e.g., tweezers, small screwdriver, Allen wrench), loosen the sample cone and 
remove it from the cone assembly. Close the source door.
1.11 With clean gloves on, remove the black o-ring from the bottom of the sample cone. You can set 
the cone down, tip pointing up, on a Kim wipe. (note: the opening at the tip of the cone is very 
delicate, so take care to ensure that it is not damaged).
1.12 Place the cone (point up) into a small, clean (MS clean!) beaker. Place the cone assembly into 
the same beaker.
1.13 Add MS water to the beaker until the dirty parts of the cone and cone assembly are almost 
completely submerged.
1.14 Add MS formic acid to the beaker such that the dirty parts are completely submerged and such 
that the final concentration of formic acid is ~10%. This concentration of formic acid can be varied
depending on how dirty the parts are.
1.15 Cover top of beaker with foil.
1.16 Place beaker in sonicator and sonicate for at least 30 minutes.
1.17 Remove cone and assembly from beaker and place on clean surface.
1.18 Discard solution from beaker.
1.19 Place cone and assembly back in beaker as before.
1.20 Add MS methanol to beaker to submerge all parts.
1.21 Cover beaker with foil.
161
1.22 Sonicate beaker for at least 20 minutes.
1.23 Remove cone and assembly from beaker, place on clean surface (e.g., Kim wipe), and place 
under nitrogen gas flow. Leave under nitrogen gas for a few minutes until all parts are dry.
1.24 Check the condition of the sample cone/cone gas cone assembly O-ring; if damaged,replace with 
a new item.
1.25 With clean gloves on, reattach o-ring to cone.
1.26 Carefully place cone back into cone assembly. Remember that the tip of the cone can be easily 
damaged.
1.27 Press down all around the o-ring using the allen key or similar tool until the o-ring is firmly seated.
1.28  Fit the sample cone/cone gas cone assembly to the side of the isolation valve body.
1.29 Fit the cone retaining plate.
1.30 Fit and tighten the two cone retaining plate securing screws.
1.31 Connect the Teflon/PTFE tube to the cone gas cone.
1.32 Open the isolation valve by moving its lever fully to the left (i.e., pointing towards you).
32.1 CAUTION: Do this step slowly and keep an eye on the vacuum gauges (on tune page). If either 
vacuum gauge starts to dip into the red zone, quickly close the isolation valve; this could 
indicate a leak, and the instrument could crash vent if the isolation valve is left open.
32.2 If you suspect a leak, make sure that the retaining plate is attached correctly, and then try 
opening the source isolation valve again.
1.33 Close the source enclosure door and fasten the clips
2 Instrument Setup (i.e., “Tuning”)  
2.1 NOTE: instrument setup will need to be done before calibration is done.
2.2 In the tune page window, load the most recent tune file.
2.3 NOTE: To quickly check the instrument setup status, look at the bottom left corner of the tune 
page. You can hover the cursor over each of the four colored squares to check the instrument 
setup and calibration status for each of the four modes (i.e., V+/V-/W+/W-). For a more detailed 
summary of instrument setup status, click the icon just to the right of the four squares (i.e., “Show 
a detailed repot of instrument setup status”)
2.4 Save as a new tune file with today’s date in the name.
2.5 Select one of the desired modes (i.e., V+/V-/W+/W-). For example, if you are planning to use V+ 
and V- for analysis, select V+ to start.
2.6 In the “Lock Spray” dropdown menu, select “Reference”
2.7 Ensure the leucine-enkephalin peaks are visible on in the tune window.
2.8 At the top of the tune page, click the “Wizards: menu item; in the dropdown menu, click 
“Instrument setup”.
8.1 NOTE: the wizard has detailed step-by-step instructions on the screen. The instructions below are
a summary of these detailed instructions.
2.9 In the first window, select “all of the above” and click NEXT.
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2.10 For Normal (smaller Peak), select the [A+1 mass]. For Attenuated (bigger Peak), select the [A] 
mass. Click Next.
2.11 In the spectral window, zoom in so that the largest isotopic peak of the lockmass compound 
(usually leu-enk) is the only peak displayed in the window. Click Next.
2.12 Adjust the capillary voltage so that the Current ions per push is between the Minimum and 
Maximum ions per push. Click Next.
12.1 NOTE: before changing the capillary voltage, take note of the capillary voltage. You will need to 
set it back to this original value a few steps later.
2.13 On the next screen click Next once the correct mass is reached.
2.14 On the next screen, click Next once MCP Voltage Optimization has finished (it may take a few 
minutes).
2.15 On the next screen, click Next once Measuring Resolution has completed.
2.16 On the next screen, follow the directions on the screen to adjust beam intensity. Aim for a Current 
ions per push value as close to the Maximum value without going over. Click Next.
16.1 NOTE: aperture 1 is in the Transfer tab of the tune page
16.2 NOTE: cone voltage corresponds to “Sample Cone” setting
2.17 On the Setting Beam Attenuation window, wait for the process to complete (may take a few 
minutes) and click Next.
2.18 On the Measuring DRE Magnification Factor window, wait for the process to complete (may take 
a few minutes) and click Next. 
2.19 Press Finish to accept the values.
2.20 Repeat the Instrument Setup Wizard for any other modes (e.g., V+/V-/W+/W-) that you plan to 
use that have not been setup yet (see note 4.2.3).
3 Calibration  
3.1 NOTE: Calibration is performed after Instrument Setup (see above).
3.2 After making a note of the current tune page settings, temporarily change the following settings: 
capillary voltage 500 V; sample cone 20V; desolvation temperature 100 C; cone gas 0 L/hr; 
desolvation gas 200 L/hr. 
2.1 CRITICAL: keep the desolvation temperature at 100 C until the calibration procedure is 
completely finished and you have flushed the lines with pure methanol. If any phosphoric
acid is left in the lines and the desolvation temperature is increased, the capillary can be 
damaged beyond repair.
3.3 Stop the flow from the HPLC.
3.4 Unscrew the connector at the end of the red tubing going from the PDA detector to the top of the 
analyte probe and set it aside.
3.5 Locate the syringe attached to the MS (on the bottom right of the front side); there should be a 
tan-colored tube attached to this syringe. Detatch the syringe from the MS by pulling the black, 
metal tab holding it in place and remove the syringe. 
3.6 Flush the syringe and tan tubing with fresh MS methanol at least three times.To do this, insert the 
end of the syringe into a vial of methanol, draw up the plunger to fill the syringe, insert the end of 
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the syringe into the tan tubing, empty the methanol through the tubing into a waste beaker, 
remove the end of the syringe from the tan tubing, and repeat.
3.7 Repeat the procedure above one time with phosphoric acid solution (10 uL H3PO4 in 10 mL MS 
methanol + 10 mL MS acetonitrile).
3.8 Fill the syringe with phosphoric acid solution again. With the syringe filled, insert it into the tan 
tubing. Connect the other end of this tubing to the top of the analyte probe.
3.9 Replace the syringe back into it’s holder on the front (bottom right) of the MS.
3.10 Adjust the black, square peg on the body of the MS so that it is touching the end of the syringe 
plunger. To adjust the peg, push in the round knob on the end of the peg and move the peg left or 
right.
3.11 Go back to the tune page. Change LockSpray position to Analyte.
3.12 Set Syringe pump flow to 20 uL/min. You can adjust this later if needed. Under the syringe pump 
flow, push the button on the left (symbol of a syringe with a triangle).
3.13 Check the tune window. Within a few seconds, you should start to see a series of evenly-spaced 
peaks corresponding to the phosphoric acid solution. Once you see the peaks, stop the flow by 
pressing the same button (this is to conserved what’s left in the syringe until it’s needed again).
3.14 From the Tune window select Calibration > Calibration Wizard
3.15 The first screen gives general information about calibration. Click Next.
3.16 The next screen give more information about calibration. Click Next.
3.17 Select the reference file corresponding to the current ionization mode (e.g., “phosphoricneg.ref” or
“phosphoricpos.ref”. Click Next.
3.18 Set filename same as the name of the current tune file without the file extension (e.g., 
“tune_20210312”). Set the mass range as desired (typically 100 to 1000 Da for phosphoric acid). 
Click Next.
3.19 Start infusing phosphoric acid solution at a rate of 20 uL/min. When the regular peaks re-appear, 
click Next.
3.20 Adjust the capillary voltage to get the current ions per push between the minimum and maximum 
allowable values. Click Next.
3.21 Data will be acquired for two minutes in order to generate the calibration curve. When this data 
acquisition is finished, stop the syringe flow in order to conserve reference solution.
3.22 In the window that pops up, chech the number of matched peaks and the 95% confidence band 
value. Write these numbers in the log book.
3.23 If the 95% confidence band is less than 5ppm, click the menu item Finished and select Accept 
Calibration. Otherwise, selecte Reject Calibration.
3.24 Repeat Calibration Wizard in any other modes that you plan to use (e.g., V+/V-/W+/W-). Check 
the syringe in between each calibration and refill as needed.
24.1 CAUTION: when switching modes, be sure that the desolvation temperature is 100 C to 
avoid damaging the analyte capillary.
3.25 When finished with all calibrations, discard any remaining reference solution from the syringe. 
Flush the syringe and tube at least three times with MS methanol as before. 
3.26 Fill the syringe with methanol again, insert it into the tan tubing, attach the other end of the tan 
tubing to the analyte probe, and gently push the plunger to flush the analyte capillary with pure 
methanol. This step is to remove any residual phosphoric acid from the capillary. 
164
3.27 Discard any remaining solvent in syringe and tan tubing. Put the syringe back in its holder and 
reconnect the other end of the tan tubing to the body of the mass spec.
3.28 Reattach end of the red tubing from the PDA detector to the analyte probe.
3.29 Return tune page settings to original values.
4 Making Lockspray leucine-enkephalin solution  
4.1 NOTE: The amounts given below are for making a final volume of 500 mL, but you can make 
more or less as needed. The final concentration of leucine-enkephalin should be 2 mg/L in 1:1 
acetonitrile/water with 0.1% formic acid. 
4.2 Mix 250 mL MS water with 250 mL MS acetonitrile.
4.3 Add 500 uL formic acid to this solvent mixture.
4.4 Locate leucine-enkephalin reference standard. As of 13 July 2020, this was being stored in the -
20C freezer closest to the -80C freezer in 4405 Science Hall. The standard is in a small glass vial 
on one of the shelves attached to the door of the freezer.
4.5 Weigh out 1 mg leucine enkephalin powder into a glass scintillation vial.
4.6 Add a few mL of solvent mixture to the scintillation vial to dissolve the powder. 
4.7 Transfer this leucine-enkephalin solution to the bottle that will be used with the mass spec.
4.8 Add the remaining solvent mixture to this leucine enkephalin bottle.
4.9 Swirl the bottle to mix everything.
4.10 Place this bottle back in the plastic tray on top of the mass spec, and re-insert the solvent line into
the bottle.
5 Making sodium iodide calibration solution  
5.1 Dissolve 50 +/- 1.0 mg of sodium iodide in 25 mL of 1:1 isopropanol/water (MS grade), and 
sonicate for 5 minutes.
5.2 Label as “2 ug/uL sodium iodide solution” and today’s date. Store in refrigerator in tissue culture 
room.
 Troubleshooting  
1 TOF EPC electronics reboot procedure
1.1 NOTE: this procedure can help resolve communication issues between the Lenovo desktop 
computer and the TOF-MS.
1.2 Locate the little black “reset” button the mass spec. This button is located on the back of the 
instrument in the top-right corner next to the “COMM1” port. Do NOT press the button yet, just 
locate it.
1.3 Restart the Lenovo desktop computer. Note: it can be helpful to turn the screen around so that 
you can see it when you are behind the instrument
1.4 When the black, “Windows XP” screen with the blue progress bar appears during the boot-up 
procedure, press and hold the little black “reset” button on the back of the TOF for at least 5 
seconds. Then release the button.
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1.5 Wait 5 minutes, and then log in to Windows and start MassLynx.
  Misc. Information 
1 Waters Technical Support
1.1 For online support to previously answered questions: https://support.waters.com/
1.2 For technical support
2.1 call 1-888-292-8377
2.2 Email Matt Wright (for MS-related questions): Matthew_Wright@waters.com
2.3 Email Joan Subrath (for HPLC-related questions): Joan_Subrath@Waters.com
 References  
1 Waters® ACQUITY UPLC® System /LCT PremierTM XE Customer Familiarization Guide [in 
Dropbox]
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1.  Purpose
This protocol provides the basic operation and maintenance of UPLC-QTof-MS system. For sample 
preparation, please refer to specific experiments.
2.  Materials/Equipment
Item Description/location/etc
Waters Xevo G2 QTof MS Location: SC4409




Waters ACQUITY (“classic”) Binary 
Manager
Location: SC4409
Argon gas cylinder minimum 99.997% purity, regulated at 0.5 bar; regulator set
to 7 psi.
Location: SC4405 (near door to hallway)
Nitrogen gas generator dry, oil free, minimum 95% purity; regulated at 7 bar/100 
psi.
Location: SC4405
Formic Acid MS grade
Location: flammables solvent cabinet under fume hood in 
SC4411 (in a plastic tub for flammable acids)
Methanol MS grade
Location: flammables solvent cabinets in SC4409
Acetonitrile MS grade
Location: flammables solvent cabinets in SC4409
Water MS grade
Location: flammables solvent cabinets in SC4409 -OR- 
cardboard boxes on floor along wall (b/c it is NOT 
flammable)
Leucin-Enkephalin Location: SC4405 in a small glass vial (with red aluminum 
cap) in door compartment of -20C freezer closest to -80C 
freezer
LC-MS Vials Clear-ID glad, 9-425
Location: Righthand shelf in 1st bay (SC4411) or in bottom 
cabinet closest to window in 1st bay (SC4411)
LC-MS vial caps Pre-slit
3.  Routine analysis procedure
3.1. Instrument Preparation
3.1.1. Make sure argon tank valve is open and set to ~ 7 psi. Tank is located in 4405 Science Hall.
3.1.2. Make sure nitrogen generator is on (GREEN POWER SWITCH ON FRONT OF GENERATOR) and
reading ~100 psi. Generator is located in 4405 Science Hall. 
3.1.3. Fill up reagent bottles on the UPLC tray with the appropriate solvents. A1 and B1 solvents should
be degassed prior to use (sonicate 20-30 minutes). A typical setup is listed below, but this can be 
modified to suit the user’s needs:
A1 0.1% formic acid in water (degassed)
B1 0.1% formic acid in acetonitrile (degassed)
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A2/Weak needle wash 15% acetonitrile(aq)
B2/Strong needle wash methanol
Seal wash 10% methanol(aq)
Wash 50% methanbol(aq)
Reference sample Leucine-enkephalin in 1:1 acetonitrile/water
3.1.4. Visibly check if the cone is clean. See section 4.1 for cone cleaning procedure.
3.1.5. Ideally, samples should be placed in autosampler ASAP to allow sufficient time for temperature 
equilibration. When you slide the metal sample-holder tray back into the sample manager, make sure it 
clicks into place.
3.1.6. Login to to Lenovo desktop computer. Then start MassLynx 4.1 (shortcut on desktop).
3.1.7. Open the MS Tune page (“MS Tune” button on left panel of MassLynx window) and put the 
instrument into Operate mode (one of the two buttons on the bottom right corner of the tune page); the 
square at the bottom right corner of the tune page should turn green. If the instrument was in Standby 
mode (red square at bottom right corner of tune page), allow 1 hour for the instrument to warm up before 
doing any configuration process (e.g., detector setup, calibration) or analysis. If it was in Source Standby 
mode (yellow square at bottom right corner of tune page), no warm up time is needed.
3.1.8. Check the backing pressure/vacuum on the tune page, “Vacuum” tab. Cone should typically be 
cleaned when backing pressure falls below 1.8 mbar. See section 4.1 for cone cleaning procedure.
3.1.9. The optimal ranges for the three vacuum gauges on the tune page are
---Backing: 1.8 - 2.3 mbar. [Below 1.8 could indicate dirty cone (solution: clean cone) or source isolation 
valve left closed (solution: open isolation valve). Above 2.3 could indicate a leak where cone attaches to 
source block (solution: check o-rings around cone; tighten metal brackets holding cone to source 
block).]
---Collision: 1.8e-2 - 2.2e-2 mbar. [Outside of range could indicate that the collision gas is off (solutions: 
check that argon valve is open; check that collision gas button on the tune page is depressed) or 
that the collision gas flow rate is not set properly (solution: modify collision gas flow rate in the tune page 
by opening System View from one of the dropdown menus, entering password “access”, navigating to the
TWave tab, modifying collision gas flow rate, closing System View, and saving both system and tune 
settings).]
---TOF: 8e-7 - 1.3e-6 mbar [Outside of range could indicate a leak somewhere inside the system 
(solution: call tech support).]
3.1.10. If the computer has not been restarted in over 1 day, then restart it. This can prevent many 
software issues.
3.2. Start up the UPLC
(NOTE: the procedure described below is relatively automated; if desired, a step-by-step version of the 
same procedure is found in section 5.4)
(NOTE: this procedure can also be performed after all of the Intellistart checks & setups, ie. between 
sections 3.7 and 3.8)
3.2.1. Go to MassLynx Sample Page >> Inlet Method. In the Inlet Method window, click on the Acquity 
Additional Status tab.
3.2.2. Right-click inside the section for Binary Solvent Manager and select Start up System. The default 
values are usually OK, but double-check all values in all tabs to be sure. At a minimum, all solvent lines 
and syringes should be primed, and the column temperature should be set to its operating value.
3.2.3. Click Start. IMPORTANT: Clicking Start usually triggers the MS to go into “standby” (red square in 
bottom right corner of tune page); you will need to go to the Tune Page and put the instrument back into 
“operate” mode (green square). 
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3.2.3.1. If the instrument will not go into operate when you click the button, check the bottom right side of 
the tune page window. Is there a message that says “TOF pressure too high”? If so, then turn off all 
gasses (API and collision) using the small blue buttons at the top of the tune page and then try again to 
put the instrument into operate.
3.2.4. Once the Start Up sequence is done, check the Inlet Method to ensure that all parameters (e.g., % 
A1, % B1) are as intended. Sometimes, the flow doesn't start automatically after the startup sequence is 
complete, so you will need to start it manually.
3.2.5. Click Acquity Sampler and check the Bed Layout, which will determine your input style of Bottle 
column under your sample list. Clik Edit Plates on Layout, you can check visually or change your plate 
bed if needed.
3.2.6. IMPORTANT: if you will not be starting your analysis for a while, you can turn the flow off to save 
solvent. Alternatively, you can do the procedures in this section after all of the Intellistart checks & setups 
(ie. between sections 3.7 and 3.8).
3.3. Starting LockSpray Flow 
3.3.1. Check that there is enough leucine-enkephalin solution in LockSpray bottle. Check that the solvent 
line reaches all the way to the bottom of the LockSpray bottle.
3.3.2. Go to MS Tune page >> Fluidics tab.
3.3.3. In the LockSpray Flow Control section, press the button Purge the fluidics system (button looks like 
two arrows in a circle). IMPORTANT: make sure you are in the LockSpray Flow Control section of the 
fluidics page, NOT the Sample Flow Control section; the two sections look very similar.
3.3.4. After purging is done, press the Start infusing button (icon: syringe and green arrow).
3.3.5. Under Sprayer Position, select LockSpray.
3.3.6. Check that the LockSpray is functioning properly. The height of the largest peak in continuum 
mode should ideally be in the 1-9 e4 range in both positive AND negative polarity modes (a little higher 
is ok); the centroid mode peak should ideally be less than 40 IPP (intensity per push) and definitely less 
than 100; if intensities are substantially outside of these ranges, they can be adjusted by adjusting (1) 
Lockspray capillary voltage (acceptable range 0.5-3.0 kV), (2) Lockspray flow rate, (3) Lockspray collision
energy, and (4) concentration of Lockspray solution. There should be 4 peaks, with m/z values (from 
tallest to shortest): 
Positive mode - 556.2; 557.2; 558.2; 559.2 (Resolution ~20,000)
Negative mode - 554.2; 555.2; 556.2; 557.2 (Resolution ~20,000)
In continuum mode, the peaks should be fairly symmetrical (if not, may be time for a tuning) and without
ringing (ringing is indicated by smaller peaks between the four main peaks listed above).
3.4. Detector Check   
(This should be performed BEFORE Lockspray setup and calibration.)
3.4.1. Check the tune page to ensure that there is a steady leucine-enkephalin peak. Refill the Lockspray 
syringe if needed by first pressing the button with the vial icon (in between start infusing and purge fluidics
buttons) and then pressing the Start Infusing button (icon: syringe and green arrow).
3.4.2. Go to MS Console (ie. ACQUITY Console) >> Xevo G2 QTof >> IntelliStart. Then at the top of 
screen: Configure >> Normal Mode.
3.4.3. Check the box for Detector Check.
3.4.4. Press Start (arrow icon on right side of screen). 
3.4.5. Select the desired polarity modes (if you're only running in one mode, it can save time to only 
perform detector check for that mode). Click next.
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3.4.6. On the next window, select Tune Page. Click next.
3.4.7. Click Start. If the check passes, record voltage and average ion area readings for each polarity 
mode in the log book. If the check fails, proceed to Detector Setup (see next section).
3.5. Detector Setup   ( This should be performed if Detector check fails, but may be performed regardless if  
desired.)
3.5.1. Check the tune page to ensure that there is a steady leu-enk peak.
3.5.2. Go to MS Console/ACQUITY Console >>Xevo G2 QTof >> IntelliStart. Then at the top of screen: 
Configure >> Configuration mode.
3.5.3. Check the box for Detector Setup.
3.5.4. Press Start (arrow icon on right side of screen).
3.5.5. Select the desired polarity modes (if you're only running in one mode, it can save time to only 
perform detector setup for that mode). Click Next.
3.5.6. On the next window, select Tune Page. Click Next.
3.5.7. Click Start. When setup is finished, record the voltage and average ion area readings for each 
polarity mode in the log book.
3.6. LockSpray Setup   
(This should be performed if any LockSpray Flow Control parameters were changed [e.g., capillary 
voltage, flow rate, collision energy] or if you made new leu-enk solution)
3.6.1. Check the tune page to ensure that there is a steady leucine-enkephalin peak.
3.6.2. Go to MS Console/ACQUITY Console >> Xevo G2 QTof >> IntelliStart. Then at the top of screen: 
Configure >> Configuration mode.
3.6.3. Check the box for LockSpray Setup.
3.6.4. Press Start (arrow icon on right side of screen).
3.6.5. Select the appropriate LockSpray Profile (usually “Parent leu-enk” if planning to analyze samples in
sensitivity mode). Click Next. (There may be a warning that any previous settings will be overwritten; this 
is OK)
3.6.6. On the next page, select Custom. Click Next. (There may be a warning that any previous settings 
will be overwritten; this is OK)
3.6.7. On the next page, select Tune page. Click Next. (There may be a warning that any previous 
settings will be overwritten; this is OK)
3.6.8. On the next page, select Tune page. Click Next. (There may be a warning that any previous 
settings will be overwritten; this is OK)
3.6.9. On the next page, press Start. (There may be a warning that any previous settings will be 
overwritten; this is OK)
3.6.10. Record in the log book the DRE Lens Setting % for all ionization modes.
3.6.11. If the setup fails or if the DRE Lens Setting % is substantially less than 99.90%:  consider 
adjusting the lockmass peak intensity by adjusting LockSpray capillary voltage (recommended range 0.5-
3.0 kV), LockSpray flow rate, LockSpray collision energy, or leu-enk solution concentration. 
3.7. Calibration   Setup 
(NOTE: Calibration does not need to be done routinely. It is only necessary to do after a service visit, 
when switching between calibration profiles, or any other time when there is a concern about mass 
accuracy. Calibration should be performed AFTER detector setup & LockSpray setup.)
(IMPORTANT: UPLC flow should be off before starting calibration procedure)
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3.7.1. Remove 30ml plastic bottles of sodium formate, LCMS methanol, and LCMS water from fridge in 
room 4411B.
3.7.2. On front of QTOF, unscrew empty placeholder bottle for reservoir "B, LockSpray", uncap bottle of 
sodium formate, and screw into same place.
3.7.3. Go to MS Tune >> Fluidics >> Sample Flow Control. IMPORTANT: make sure you are in the 
Sample Flow Control section of the fluidics page, NOT the LockSpray Flow Control section; the two 
sections look very similar. Set the parameters as follows:
Infusion Flow Rate - 20 uL/min
Flow state - Infusion
Fill Volume - 200uL
Reservoir -  B
3.7.4. Press the Purge the Fluidics System button (icon with two arrows in a circle). This flushes the 
system with sodium formate solution.
3.7.5. When finished purging, press the Start Infusing button (icon with arrow).
3.7.6. Ensure that Sprayer Position (left panel of fluidics tab) is set to Sample. Check that there are 
several, equally spaced peaks in the tune page.
3.7.7. Go to MS Console/ACQUITY Console window >> Xevo G2 QTof >> IntelliStart. Then at the top of 
screen: Configure >> Configuration mode.
3.7.8. Check the box for Create Calibration. Click the Start button (icon with arrow on right side of 
window).
3.7.9. Select appropriate Calibration Profile (typically "MS_50_1500_daltons")
3.7.10. If this profile has an orange arrow next to it, go to section 3.7.11. If this profile has a green check 
mark next to it, it will need to be reset as follows:
3.7.10.1. Close the Create Calibration Window.
3.7.10.2. In the ACQUITY Console, at the top of the screen, go to Configure >> Normal mode.
3.7.10.3. Check the box for “Use calibration profile”
3.7.10.4. Click the Start button (icon with arrow on right side of window).
3.7.10.5. Choose any calibration profile other than the one that you want to use. Click OK/Load.
3.7.10.6. At the top of the ACQUITY Console window: Configure >> Configuration mode
3.7.10.7. Check the box for Create Calibration. Click the Start button (icon with arrow on right side of 
window).
3.7.10.8. Select appropriate Calibration Profile (same as section 3.7.9)
3.7.10.9. Click Calibration Profile Editor.
3.7.10.10. Select and right-click same profile as above (ie. section 3.7.9), and click on Reset. Click OK on 
any window that pops up.
3.7.10.11. Close the Calibration Profile Editor window.
3.7.11. Click OK. In the next window, select desired mode/polarity combinations. Because calibration 
takes several minutes, it is recommended to only select the combinations that you intend to use. Typically,
sensitivity mode is recommended.
3.7.12. In the next window, set Collision Energy to 6V for ALL polarities (ie. positive and negative). Click 
next.
3.7.13. In the next window, select Tune Page for all voltage options. Click next.
3.7.14. In the next window, select Tune Page (under heading “Fluidics”). Click next.
3.7.15. In the next window, set threshold to 3ppm. Click next.
3.7.16. In the next window, press Start.
3.7.17. When calibration is complete, record the number of matched peaks and the 95% confidence band 
(in ppm) FOR ALL ionization modes in the log book.
171
3.7.18. Go to MS Tune >> Fluidics >> Sample Flow Control.
3.7.19. Press Stop Infusing button (red square icon); this step is not necessary if the syringe is empty.
3.7.20. On the front of the QTof, unscrew the bottle of sodium formate and replace it with the bottle of 
LCMS water.
3.7.21. Under Sample Flow Control, change Flow State to Waste.
3.7.22. Press Purge the Fluidics System button (icon with two arrows in a circle).
3.7.23. When purging is complete, unscrew the bottle of LC-MS water and replace it with the bottle of 
LCMS methanol.
3.7.24. Press the button Purge the fluidics system.
3.7.25. Unscrew the bottle of LC-MS methanol and replace it with the empty placeholder bottle.
3.7.26. Return the bottles of sodium formate, LC-MS methanol, and LC-MS water to the fridge in room 
4411B.
3.8. Acquisition and Processing Samples
3.8.1. Before starting any injections/analysis, check that "Delta" psi is < 10. To view Delta psi, go to MS 
Console/ACQUITY Console >>Binary Solvent Manager.
3.8.2. On the main MassLynx window, click File >> Sample List.
3.8.3. Input the desired parameters. The minimum required parameter columns are: file name, inlet file, 
MS file, bottle (i.e., vial position), inject volume, and MS tune file. If continuing a previous project, be sure 
to adnate new samples below previous samples at the end of the sample list (do not delete previous 
injections). Ensure that there are no duplicate sample names in the sample list. 
3.8.3.1. If you want to add/remove parameter columns, right-click along the blue bar at the top of the 
sample list and select “Customize display...”. In the window that pops up, check/un-check the boxes next 
to the parameters that you want to display/hide. Then click OK.
3.8.4. Check the bottom right corner of the Sample List window to see if automatic shutdown is enabled or
disabled. To enable/disable, click this part of the Window, and select the desired shutdown 
method/parameters in the new window that pops up.
3.8.5. Highlight the rows of samples that you want to run.
3.8.6. Click Start Run (little blue arrow icon near top of screen).
3.8.7. Select the Acquire Sample Data check box; ensure that other boxes are not checked and that the 
sample numbers are correct (ie. that they match the samples selected in step 3.8.5).
3.8.8. Click OK to perform the analysis.
3.9. Post-Operation
3.9.1. Navigate to the MS Tune page/window
3.9.1.1. Check that the QTof is in "source standby" (square in bottom right is yellow); if not intending to 
use the instrument for weeks/months, put it into full standby (square is red).
3.9.1.2. Check that the LockSpray flow is off (Fluidics tab).
3.9.1.3. Check that the API and collision gases are off (at top of tune page, two icons that look like blue 
gas cylinders)
3.9.2. Navigate to the Inlet Method window
3.9.2.1. Check that UPLC flow is off.
3.9.2.2. Check that the column heater is off (click the column temperature number and type “off” in the 
window that pops up).




3.9.3.1. Remove samples from autosampler and store appropriately.
3.9.3.2. Close main valve on argon tank (equipment corridor).
3.9.3.3. Back-up newly acquired data files.
4.  Maintenance
4.1. Cleaning sample cone
4.1.1. Ensure that there is no solvent flow going into the source. Check both reference probe (i.e., 
lockspray, in the MS Tune page Fluidics tab) and analyte probe (i.e., coming from UPLC, in the Inlet 
Method window ACQUITY Additional Status tab).
4.1.2. Place the MS into source standby: navigate to MS Tune page; press “Source standby” button 
(bottom right corner of window); check that square at bottom right of window is yellow.
4.1.3. Open the source door by pulling the grey handle on the bottom-right side of the door. You may need
to pull hard to get it open.
4.1.4. CRITICAL STEP!!! Close the source isolation valve (grey plastic knob to left of cone). The arrow 
on the isolation valve handle should be pointing down. (NOTE: if this step is not done, then the MS can 
crash vent). KEEP THIS VALVE CLOSED (until you are instructed to open it later). 
4.1.5. Pull the handle on the cone assembly towards you to rotate from the 6 o’clock position to the 9 
o’clock position. Pull the assembly out to remove it. Once removed, keep the point of the cone assembly 
pointing down to ensure that the cone does not pop out. Be careful handling the cone assembly; it 
may be hot! 
4.1.6. Using the cone removal tool (it is a black, cylindrical piece of plastic that is attached to an allen key 
that is magnetically stored in the body of the MS above and to the right of the source block), loosen the 
sample cone and remove it from the cone assembly. Firmly close the source door.
4.1.7. With clean gloves on, remove the black o-ring from the bottom of the sample cone. You can set the 
cone down, tip pointing up, on a Kim wipe. (note: the opening at the tip of the cone is very delicate, so 
take care to ensure that it is not damaged).
4.1.8. Unscrew the plastic handle from the source assembly handle and set aside.
4.1.9. Place the cone (point up) into a small, clean (MS clean!) beaker. Place the cone assembly into the 
same beaker.
4.1.10. Add MS water to the beaker until the dirty parts of the cone and cone assembly are almost 
completely submerged.
4.1.11. Add MS formic acid to the beaker such that the dirty parts are completely submerged and such 
that the final concentration of formic acid is ~10%. This concentration of formic acid can be varied 
depending on how dirty the parts are.
4.1.12. Cover top of beaker with foil.
4.1.13. Place beaker in sonicator and sonicate for at least 30 minutes.
4.1.14. Remove cone and assembly from beaker and place on clean surface.
4.1.15. Discard solution from beaker.
4.1.16. Place cone and assembly back in beaker as before.
4.1.17. Add MS methanol to beaker to submerge all parts.
4.1.18. Cover beaker with foil.
4.1.19. Sonicate beaker for at least 20 minutes.
4.1.20. Remove cone and assembly from beaker, place on clean surface (e.g., Kim wipe), and place 
under nitrogen gas flow. Leave under nitrogen gas for a few minutes until all parts are dry.
4.1.21. With clean gloves on, reattach o-ring to cone.
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4.1.22. Carefully place cone back into cone assembly. Remember that the tip of the cone can be easily 
damaged.
4.1.23. Press down all around the o-ring using the allen key or similar tool until the o-ring is firmly seated.
4.1.24. Screw the little plastic handle back on to the cone assembly.
4.1.25. Open the source door (see section 4.1.3).
4.1.26. Hold cone assembly by the plastic handle. With the handle in the 9 o’clock position, move the 
assembly back into position on the source block, and rotate the handle of the cone assembly back to the 
6 o’clock position. The cone assembly should be snug against the source block without any gaps. 
Otherwise, you risk crash venting the mass spec. (note: in order to get the cone assembly snugly back 
into place, you may need to loosen and re-tighten the two metal brackets that hold the assembly in place. 
You can use the magnetically stored allen key for this purpose). Do NOT open the source isolation 
valve yet.
4.1.27. With isolation valve still closed and source door still open, bring up the tune page. Display the 
vacuum readings.
4.1.28. Keeping a constant eye on the “backing” vacuum reading, slowly begin to turn the source 
isolation valve towards the open position. While you are opening the valve, if you notice that the 
backing pressure is quickly dipping into the red zone, immediately shut the isolation valve; this 
indicates a leak. If there is a leak and the isolation valve stays open, the mass spec will crash vent. 
Tighten the two metal brackets and try again until you are able to open the isolation valve completely 
without a loss of vacuum.
4.1.29. Firmly close the source door.
5. Misc. Information
5.1. Creating a new project 
5.1 Waters Technical Support
 For online support to previously answered questions: https://support.waters.com/
 For technical support, call 1-888-292-8377
 If there is a charge for phone support, obtain a purchase order from REMI (see section 5.2)
5.2 REMI Service Contract Info
7 To schedule service, contact REMI at 1-866-296-4847 or dispatch@theremigroup.com
8 For additional information, see stickers/cards/etc on the sides of the instruments
5.3 Good laboratory practices
8 Record any activities in the log book.  These include: 
8.a changing solvents/solutions
8.b detector setup 
8.c calibration 
8.d maintenance procedures




9.d vacuum pressures, including TOF, collision, and backing. This is important for noticing leaks or 
other issues.
9.e column pressure. This is important for noticing leaks, clogs, and other related issues.
10 The log book is a great tool. Use it!
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11 Always use "mass spec" or "LC-MS" grade solvents
12 Always wear clean and dry gloves when preparing solvents
5.4. Manually start up the UPLC, step-by-step
(note: all of these steps can streamlined using the “Startup system” function. See sections 3.2 for more 
details)
5.4.1. Navigate to the Inlet Method window, Acquity Additional Status tab. Right click inside the binary 
solvent manager part of the window and prime the solvent lines.
5.4.2. Ensure washes are diverted to waste container.
5.4.3. Click the MS Console.
5.4.4. Select the Binary Solvent Manager (BSM).
5.4.5. Click Control >> Prime Solvents
5.4.6. Select both A1 and B1 and enter 5 minutes.
5.4.7. Click Start to begin the solvent line prime. 
5.4.8. Prime the seal wash lines.
5.4.9. Click Control >> Prime seal wash.
5.4.10. Click Yes to begin the seal wash.
5.4.11. Select the Auxiliary Solvent Manager and prime B1 line.
5.4.12 Click Control >> Prime Solvents.
5.4.13. Select B1 and enter 5 minutes.
5.4.14. Click Start to begin the solvent line prime.
5.4.15. Select Sample Manager to prime the syringes.
5.4.16 Click Control >> Prime Syringes.
5.4.17. Choose Sample syringe and wash syringes.
5.4.18. Enter 10 cycles.
5.4.19. Click OK to begin the prime.
5.5 Making Lockspray leucine-enkephalin solution
NOTE: The amounts given below are for making a final volume of 500 mL, but you can make more or 
less as needed. The final concentration of leucine-enkephalin should be 2 mg/L in 1:1 acetonitrile/water
with 0.1% formic acid. 
5.5.1. Mix 250 mL MS water with 250 mL MS acetonitrile.
5.5.2. Add 500 uL formic acid to this solvent mixture.
5.5.3. Locate leucine-enkephalin reference standard. As of 13 July 2020, this was being stored in the -
20C freezer closest to the -80C freezer in 4405 Science Hall. The standard is in a small glass vial on one 
of the shelves attached to the door of the freezer.
5.5.4. Weigh out 1 mg leucine enkephalin powder into a glass scintillation vial. 
5.5.5. Add a few mL of solvent mixture to the scintillation vial to dissolve the powder. 
5.5.6. Transfer this leucine-enkephalin solution to the bottle that will be used with the mass spec.
5.5.7. Add the remaining solvent mixture to this leucine enkephalin bottle.
5.5.8. Swirl the bottle to mix everything.
5.5.9. Place this bottle back in the plastic tray on top of the mass spec, and re-insert the solvent line into 
the bottle.
5.6. Making sodium iodide calibration solution
5.6.1. Dissolve 50 +/- 1.0 mg of sodium iodide in 25 mL of 1:1 isopropanol/water (MS grade), and 
sonicate for 5 minutes.
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